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. A. '"ISTRACT 
The distribution, population dynamicst photosynthesisg and nutrit- 
ion of epiphytic algae were investigated in natural and artificial 
freshwater ecosystems, with special reference to interactions between 
the algae and their macrophytic substrata. 
The distribution of epiphyton in the'littoral zone of Windermere 
was related to light shading effects of dense emergent vegetation. 'The 
distribution of epiphyton. in the phyllosphere of Lemna minor in a small 
pond and in culture media was related to the rate of multiplicationp agev 
topography, and exudates of the fronds, and to tactic responses of moti- 
le algal propagules. 
The pop-ulation dynamics of epiphytic algae on Lemna minor in a 
small pond were correlated with seasonal changes in light and temperatureq 
the growth cycle of Lemna 2ýnor ., 
and with depletions of dissolved subst 
ances associated with primary production. 
Standing crops of epiphyton which accumulated on Lemna minor in 
culture media in the laboratory were related to the topography and rate 
of multiplication of the fronds, and to the inorganic nutrient concentrat- 
ions in the media. Calothrix brevissima reduced the multiplication rate 
of fronds. The accumulation of Calothrix was correlated with an increase 
in the pH of 4he media to values which inhibited multiplication and 
photosynthesis in Lemna. 
Photosynthetic rates and yields of epiphytic algae were reduced in 
nitrogen deficient culture media. Photosynthesis and yields of Lemna minor 
were not severely reduced under nitrogen deficiont conditions. Competition 
for nitrogen between Lemna and algae was proposed. 
Lemna minor excrete 
.d 14 C labelled substances into axenic culture 
media. Epiphytic algal and bacterial populations assimilated the substances 
excreted by Lemna, minor. Evidence for the excretion of antibiotic 
substances by Lemna minor was not conclusive. 
- ii - 
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GENERAL INTRODUCTION 
Over ninety percent of all known algal taxa in freshwater eco- 
SySteM8 can potentially exist in the periphyton communityl living on, 
moving on or burrowing through submerged benthic surfaces (Wetzel$ 1975). 
The periphyton community has been subdivided on the basis of the physico- 
chemical properties of the substrata upon which the algae are borne: 
the epiphyton on aquatic macrophytess the epilithon on stoness the 
episammon on sand-grains, the epipelon on mud and the epixylon or 
epidondron on wood, have been distinguished (Slgdec'kova, 1962). The 
epiphyton (otherwise known as the epiphytic periphyton or epiphytic 
algal community) contains algal taxa which live in contact with or in 
close juxtaposition to the external surfaces of the shoots of living or 
dead aquatic macrophytes, The epiphytic habit is not necessarily 
obligate because many members of the epiphyton can also exist in the 
epilithon and epixylon (Round* 1973; Hutchinson, 1975), and a considerable 
number of freshwater periphytic algae can be considered to be indifferent 
as to the type of substratum upon which they can grow (Frit3ch, 1931). 
Compared to the free-floating phytoplankton, the epiphyton is an 
ecologically neglected communityl (Wetzels 1975) and the main body of 
this general introduction considers the reasona for the limited amoimt 
of infomatiOn published on the ecology of epiphytic algaeo 
Unlike some planktonic algae, epiphytic algae do not generally 
cause detrimental environmental disturbances. The epiphyton rarely 
produces unsightly scums or blooma at the water surface, and epiphytic 
algae have not been shown to impart tastes or odours to drinking waters, 
or contribute to management problems of water supplies and water 
distribution systems, Epiphytic algae are not known to excrete toxic 
substances which are a potential hazard to animal life. 
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Epiphytic algae are limited in distribution compared to plank- 
tonic algae, Epiphyton is therefore not considered to contribute as 
much to the total primary productivity of freshwater ecosystems as the 
phytoplankton (Wetzell 1963; 1964; 1965; Westlaket J973). The product- 
ivity of the epiphyton is directly related to the amount and the avail- 
ability of suitable macrophytic surfaces for attachment and accumulation 
(Pieczynska, 1968; Tippet, 1970; Bownik, 1971), and epiphytic algal 
productivity is restricted to those zones which are permanently or 
transiently colonized by macrophytes (Wetzel and Hought J973). 
Consequentlyg limnological studies of aquatic primary productivity have 
tended to concentrato upon the open water phytoplomkton and the role 
of the epiphyton has been neglected (Wetzel, J975), 
Perhaps the most important criteria which have prevented extensive 
studies of the epiphyton are that many methodological, taxonomical and 
logistical difficulties hinder accurate qualitative and quantitative 
investigations of the community, Lund and Talling (I957)j Slade6kovg 
(1962), Wetzel (1965). Wetzel and Westlake (19714) and Gough and 
Woelkerling (I976a)briefly discussed some of the notorious difficulties, 
but a more comprehensive review is given here. 
The epiphyton characteristically consists of a great diversity 
of algal taxa, predominantly including diatomss cyanophytes and chloro- 
phytes,, which range in morphological complexity from microscopic nni. 
cellular forms to macroscopic multicellular thalli (Hutchinsong 1975)* 
The epiphyton includes some algae whose vegetative phases are morpholo- 
sil 0 existencog and other gically adapted for relatively permanent ses I 
algaes termed the metaphytonj which loosely intermingle with the sessile 
forms, Some components of the metaphyton may be obligately sessiles 
others may arise in the epiphyton as precipitation products of the 
phytoplankton, or as transient motile visitors (Round, 1973). The 
large numbers of taxa commonly found in samples Of oPiPhyton may present 
- 13 - 
problems of taxonomic identification, Many members of the epiphyton 
can prove difficult to classify because their taxonomic position is 
uncertain, or because of the confusion which inevitably arises in 
attempting to identify morphologically similar taxa when all the various 
stages in their life-cycles cannot be observed simultaneouslye 
In addition to the algaes a wide variety of other materials 
become established on macrophytic surfaces, including detritual invert- 
ebratess bacteria, fungig inorganic particles and mucilaginous secretionss 
which collectively form parit, of the auftuche co=unity in freshwater 
ecosystems (Ruttner, 1963), Because of its taxonomic and morphological 
complexitys representative s=pling of the heterogenously distributed 
epiphyton in natural habitats is extremely difficult$ and quantitative 
and qualitative studies of the communities are usually very tedious 
and time-consuming, and may be subject - to considerable taxonomical 
and &tAtistical errors* 
Most investigators have removed the epiphytoa from macrophytic 
surfaces bef ore aIttempting to estimate the algal standing crops, A 
wide variety of removal techniques have been employed, including 
agitation (Knudsen, 1957; Foerster and Schichtling, 1965; Moss, 1976), 
employment of jets of water (Hickman and Klarer, 1973; Mason and Bryantp 
I'975a)s maceration (Douglas, 1958). scraping with a sharp metal instru. - 
ment (Youngt 1949; Jorgensont 1957; Kowalezewskig 1965; Hargraves and 
Wood, 1967; Hick-mans 1971; Hickman and Klarer, 1973; Mason and Bryant,, 
I975a; Tai and Hodgkiss, 1975; Bowker and Denny, I978)t scraping with 
glass fibre paper (Allen, 197Ia)v sonication in a water-bath (Round and 
Hickman, 1971; Hickman, 1974) or by acid hydrolysis of the muco-poly. 
saccharides which assist algal attachment to surfaces (Tippet, 1970; 
Bell and Eaton, J976; Gough and Woelkerlingg I976aq I976b), The removal 
techniques described above all suffer from several drawbacks - mainly 
that removal of epiphyton is not always effected, non-algal material is 
collected and lossos of algae are inevitable during samPle collection 
- 14 - 
Estimations of the standing crops of opiphyton removed from 
macrophytic surfaces may be subject to significant errorso Gravimetric 
estimations are of limited application because the measurement of weight 
does not discriminate between the algal and the non-algal components 
of the samples. Estimations of the chlorophyll a concentration of 
epilphyton may be erroneous because of the macrophytic pigmont which 
way be included in samples. Counting of the algae under a light 
microscope is the only satisfactory method of estimating the population 
densities of epiphyton from natural habitats because the non-algal 
material can be excluded from the counts. Discrimination between 
healthy and moribund algal cells is possible, and the proportional 
numerical representation of the different algal taxa can be directly 
observed and quantified, Various techniques have been employed to count 
epiphytic algae, including the inverted microscope method (Knudsen, 
J957; Bowker and Dennys I978)j the use of membrane filters (Foerster 
and Schichtling, 1965). the use of transects on glass slides (Hickman, 
1971; Hickman and Klarer, 1974; Tai and Hodgkiss, 1975; Hodgkiss and 
Taip J976) or the use of counting chambers such as Sedgewick-Rafter 
cells (Young, 1949; Douglas, 1958; Gough and Woelkerlingo I976a, I976b)* 
However, the counting of epiphytic algae using these methods may be 
subject to errors and high statistical variations between replicate 
counts because multicellular algae may partially disintegrate during 
removal from the macrophytes, and because the algae tend to clump 
together so that the sample suspensions are not homogenous, 
The population densities of epiphytic algae removed from macro- 
phytic surfaces are usually expressed in terms of numbers of individuals 
(cells$ colonies or filaments) per unit area of macrophyte surface or 
per unit dry weight of macrophyte shoot, Expressions of algal densities 
in terms of numbers of individuals per unit of habitat have been 
generally criticized because algal taxa differ greatly in size and 
- 15 .0 
volume and therefore expressions of numbers of individuals do not give 
a true indication of the actual biomass (Nalewajko, 1960; Bellingers 1974). 
Expressions of algal densities per unit area of macrophyte surface may 
be erroneous because of the heterogenous distribution patterns of the 
epiphyton and because of the tremendous difficultiea involved in 
accurately measuring the surface areas of morphologically and topograph- 
ically complex macrophyto shoots (Harrod and Hallp 1962)* Expressions 
of algal densities per unit dry weight of macrophyte shoots are 
facilitated because the dry weight of macrophytic tissue is more 
easily and more accurately determined than its surfaco area* Howeverg 
the surface area to dry weight ratios of different macrophyte taxa and 
different macrophyte organs may vary considerably (Gough and Woelker- 
ling, I976a)l and therefore comparisons of epiphytic algal densities 
per unit dry weight of different macrophyte taxa and different macrophyte 
organs must be interpreted with caution, 
An alternative but rarely practised method of estimating the 
population densities of epiphytic algae is that of counting the algae 
in situ as they are naturally established on macrophyte surfaces* 
For example# Willer (1923) and Godward (1934) enumerated epiphytic 
algae in situ on the leaves of macrophytes such as Elodea, and Brown 
(1976) counted the epiphytic algae in situ on the epidermis of Eleocharis. 
Counting of the epiphyton in situ offers distinct advantages. The 
sampling and counting errors encountered in using the removal techniques 
discussed above are immediately alleviated. The method enables direct 
microscopic observation of the distribution and sociological patterns 
of the algae in relation to the topography of the surfaces and the 
gross morphology of the macrophyte. However, the counting of epiphytic 
algae in situ is limited to the microscopic observation of thin trans- 
lucent macrophytic organs through which sufficient light can be trans- 
mitted to allow successful operation of a light microscope, In situ 
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counting of very dense epiphytic assemblages is very difficult and may 
be impossible due to the inability of observe all the algae in one 
focal plane of the microscopee Dense epiphyton on relatively thick and 
opaque macrophyte shoots can be observed in situ using scanning 
electron microscopy (A. "Ilanson, 1974). but it is unlikely that this 
method could be used for quant4&-tative investigations because of the 
loss of algae during sample preparation, 
Few investigators have used more than one method to samplo and 
enumerate epiphyton from natural habitats, There is a need for inform. 
ation on the statistical variations which occur as a result of sampling 
and counting epiphyton by more than one method, At present it is 
difficult to compare directly the standing crops of epiphyton produced 
on different macrophyte shoots in different water bodies becauso so 
many different sampl-ing and counting methods have been employed* 
Very little data on the standing crops of epiphyton per unit area 
of water surface are available because population densities of epiphytic 
algae are usually expressed in terms of numbers of individuals per 
unit of substratum, Such data is important because the standing crop 
of epiphyton in a water body is directly related to the surface area 
of macrophytes avail-able per unit area of water surface (Pieczynskas 
1965; 1968; Bownik, I97I)o Howeverv investigators are probably reluctant 
to publish such data because of the inherent heterogeneity of epiphyton 
and the great variations in macrophytic surface area which occur per 
unit area of water surface. 
Pluch inf omaticn can be obtained on the photosynthetic activities 
of the phytOplanktOn in freshwater ecosystems by the use of the 'light 
and dark bottle' method (Vollenweider, 1974). This method has limited 
value for measuring epiphyton photosynthesis, Assman (1951) 9 cited by 
Vollenweider (1974), estimated oxygen evolution and consumption by 
epiphyton on macrophyte shoots enclosed in illuminated and non--illiuminated 
- 17 - 
glass vessels. Using this methods problems of light shading of the 
algae by the macrophytes and the inability to differentiate between 
oxygen evolution and consumption by the macrophytes and the algae 
would cause considerable difficultie3 in the interpretation of data* 
Pieczynska (1965) and Komarkova and Komarek (1975) scraped epiphyton 
from macrophytic shoots and measured the photosynthesis and respiration 
of the algae suspended in solution in light and dark bottles, The 
disadvantages of separating the epiphyton from their natural substrata 
were considerable* An uncontrolled loss of photosynthetically active 
cells occurred during the removal procedure, and as a result of suspending 
the algae in solution, the epiphyton assimilated under planktonic 
rather than epiphytic conditions,, 
Very few data have been published on the effects of environmental 
variables on the temporal changes in the relative abundance, taxonomic 
compoEltiong distribution and photosynthetic activities of epiphytono V 
This is perhaps not so surprising in view of all the difficulties 
discussed above. In contrast, much more information is available on the 
factors which influence the temporal changes in the distribution, 
sociology and physiological activities of the phytoplankton, The effects 
of variations in the abiotic environmentl e. g* temperature, pH# visible 
radiation, and inorganic or organic nutrient supply, and the effects of 
biotic factors, o, g, grazing, parasitism, inter-specific competition and 
allelopathy on the phytoplankton have been extensively investigated* 
However, the complexity of the inter-relationships is such that relatively 
little is known for certain and few events can be predicted (see reviews 
of Lund,, J965; Foggs 1965; Roundj, 1973; Boney, 1975). 
The seasonal periodicity of the epiphyton is even more intractable 
because the effects of complex intoractions between epiphytic algae and 
their macrophytic hosts must also be taken into account (see reviews of 
Fritsch, 1931; Ruttnerq 1963; Allen, I97IA; Wetzel and Allen, 1972; 
18 - 
Butchinsons 1975; Wetzel, 1975), Reviews of specific interactions are 
given below, and therefore only a brief summary is presented here. As 
a macrophyte develops through the juveniles reproductive, senescent and 
detrital stages in its 3-ife-cycle, it provides a transient and unstable 
physical and chemical environment for the settlement and productivity 
of epiphytono A macrophyte surface consists of a mosaic of depressions 
and rises and the selection of specific attachment sites by epiphytic 
algae may be related to the topography of the macrophytic surface, 
The assimilatory and excretory activities of living macrophytes,, and 
the decay and lysis of dead macrophyte cells$ provides an inconstant 
chemical micro-environment which is localised at the attachment sites 
of the epiphyton, The substances excreted from or leached from macro- 
phytes may have a direct role in the nutrition of epiphytic algae, or 
they may be beneficial or stimulatory to the germination of propagules 
and the mineral assimilation of the vegetativo cells, Macrophytes may 
secrete algicidal or algistatic substances which could locally prevent 
or reduce algal production, The relative abundance of epiphyton may 
be controlled by competition between macrophytes and algae for some 
essential parameters such as light,, mineral nutrient and carbon sources. 
Therefore, the initial colonisation and the subsequent nutrition and 
physiological activities of epiphytic algae are controlled by an 
intricate web of physiographic and chemical factors which are very 
difficult to unravel. Consequentlys the interpretation of data on the 
temporal changes in the abundance, taxonomic composition, distribution 
and physiological activities of epiphyton is extremely difficult,, In 
the natural situations so many interactions between independent and 
dependent variables occur that the provision of clear cut correlations 
is not easy, 
The interactions between epiphytic algae and the physico-chemical 
and biotic factors of the natural environment have been very much 
on Ig . 
neglected because few investigators have studied natural surfaces - 
most work on the ecology of periphyton has come from the use of the 
artificial substratum technique (Wetzel, 1975), Cooke (1956), Lund and 
Talling (1957), Castenholtz (1961) 
. Sladeckovd (1962) j Sladec"ek and 
Slade'c'kova' (1964). Wetzel U965) and Wetzel and Westlake (1974) reviewed 
the methods in common use. As generally practiced 4. -he method involves 
the submergence of uniform sterile substrata in a water body for a 
known period of time. Glass or plastic plates or rods have been the 
most commonly employed media. The periphyton which develops on the 
artificial surfaces has been quantified by microscopic counting (Butcher, 
1932; Godwardg 1937; Adbing 1950; Patrickg Hohn and Wallacej 1954; 
Pieczynska and Spodniewskas 1963; Brown and Austin,, 1971; 1973; I974p* 
Brown, 1976). or measurement of organic dry weight or dry weight 
(Newcombe,, 1949; 1950; Castenholtzg 1960; 1961; Stockner and Armstrongs 
1963; Mason and Bryants I975a; Bowker and Denny,, 1978),, or chlorophyll 
a concentration (King and Balls 1966; Allens J971). The main reaClon for 
the popularity of artificial substratum methods is that quantitative 
measurements of'Periphyton on glass or plastic are relatively easy. 
The uniformity of the surfaces and the ease of removal of the algae 
from the surfaces are attractive to investigators, and statistical 
treatment of data from use of replicate substrata provides a means of 
estimating sampling errors and inherent variations, Howeverl the method, 
despite its wide and general usage# has been severely criticised by 
some authors, Data published on the ecology of pariphyton on artificial 
surfaces may be misleading and are probably of little relevance in 
providing an understanding of the sociology, nutrition and productivity 
of epiphyton established on natural macrophytic surfaces (Tippetj 1970; 
Wetzel,, 1975)* The main area of criticism is that considerable 
quantitative and qualitative differences may be found between the 
periphyton on natural and On artificial Burfaces. Young (1949), 
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Foerster and Schichtling (I965)s and Brown (1976) noted significant 
differences between the taxonomic composition of the poriphyton 
established on glass and on macrophytes, Wetzel (1965) and Claflin 
(1968) suggested that differential growth ratess colonisation rates, 
rates of turnoverv and rates of cOmsumption of periphyton on natural 
compared with artificial aubstrata could occur. Tippet (1970)., Mason 
and Bryant C[975a)g Bell and Eaton (J976) and Bowker and Denny (1978) 
compared the grovith of periphyton on glass and on macrophytic surfaces 
and found that considerable quantitative differences between the former 
and the latter were apparent. 
The development of periphyton on artificial surfaces probably 
differs from that on macrophytic surfaces because barren glaes or 
plastic zz*ubstrata are unnatural in freshwater, and they therefore 
favour colonisation by algal taxa which are not salective as to the 
type 1ýf substratum upon which they Gettle (Lund and Talling, 1957), 
Relative differences between the periphyton on macrophytic and artificial 
substrata may occur because the artificial surfaces commonly employed 
are smoothg uniform, static and relatively inert media, but macrophyte 
shoots are morphologic ally irregular, mutable and physiologically and 
biochemically active structures, The interpretation of data obtained 
from a study of periphyton growth on artificial surfaces is based on 
the implicit assumption that no interactions occur between the algars 
and their substratum (Wetzel, 1975), but the assumption is invalidated 
because complex interactions between epiphyton and macrophytes are 
ecologically significant phenomena. 
The evidence clearly suggests thatt despite the formidable 
methodological and logistical difficulties, it is necessary to investigate 
in situ populationsof epiphytic algae on natural macrophytic surfaces 
in order to provide a more comprehensive understanding of the factors 
which effect the temporal changes in the productivity and composition 
of epiphyton in natural freshwater ecosystems, 
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The final reason for the ecological neglect of the epiphyton is 
that the methods and the growth media required to cultivate epiphytic 
algae on macropytic surfaces in artificial ecosystems in the laboratory 
have rarely been investigated. In contrastq the methods and the media 
required to cultivate suspensions of soil and planktonic algae in the 
laboratory have received considerable attention (Stein, 1973). In 
order to arrive at some kind of understanding of the ecology of the 
phytoplankton it has been found useful to synthesise the results of 
physiological and biochemical studies on Algal populations in the 
laboratory with the results of studies on seasonal fluctuations in 
algal populations and environmental variables in nature (Fogg, 1965), 
This kind of synthesis has not been utilised to provide more detailed 
information on the ecology of epiphyton* 
Wetzel (1975) discussed the general ecological neglect of the 
freshwater periphyton, and stated that - four lack of knowledge of the 
complex interactions between the sessile flora and their substrata, and 
their contribution to the total system productivity represents a major 
void in contemporary limnology that warrants intensified study' -0 
Prowse (1959)9 finding that different macrophyte taxa supported different 
taxonomic compositions of epiphyton stated that - $nothing is known 
about the physiological relationshipsl if any, between the host plants 
and the epiphytes' These two statements provide an appropri-e-te 
rationale for the investigation presented in this thesis, With the 
exception of the work of Allen (1971), fe-a investigators have considered 
the ecology of epiphyton with direct reference to the effects of 
macrophytic activities, The aim of the investigation presented here 
was to provide information on the ecology of epiphyton and especially 
consider the role of macrophyte-epiphyte interactions* Hypotheses on 
the nature of these interactions were provided by means of studying 
phenomena in natural freshwater ecosystems, The investigation proceeded 
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to test the hypotheses by means of experiments on simple communities 
of macrophytes and algae cultivated in artificial ecosystems in the 
laboratory. Salt (1969) discussed the methodology of detecting inter- 
actions between organisms, and suggested that the progression from 
studies of complex natural phenomena to studies on cimple artificial 
systems was the most logical and practical approach. Two natural 
ecosystems were examined in this investigation; a macrophyte bed in 
the littoral zone of Windermere, which was also the site of a previous 
study of epiphyton (Bowkers J973s unpubl. )s and a small London pond 
'aces available for epiphytic in which the dominant macrophytic surf 
algal attachment and production were fronds of the duckweeds Lemna 
minor L, The former ecosystem could be visited only once, whilst the 
latter ecosystem could be visited at intervals over a period of two 
years. In addition to studying the distributiong taxonomic composition 
and standing crops of epiphyton in natural ecosystems, artificial 
ecosystems were developed in the laboratory to study the growth, photo- 
synthetic activities and nutrition of epiphytic algal populations on 
the surfaces of Lemna minor, As a result of this type of approachq 
this thesis is presented in three parts. Part One considers the 
investigations on natural freshwater ecosystems, and Part Two considers 
the investigaltions on artificial freshwater ecosystems* These parts are 
sub-divided into sections which consider individual aspects of the 
study, Part Three presents a discussion which attempts to synthesize 
the conclusions generated from Parts One and Two. 
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-. PART ONE 
INVE STIGATIONS OF NATURAL =SHWATIER E COSYSTN"IS 
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CHAPTER-1.1 DISTRIBUTION OF EPIPHYTON ON EMERGENT MACROPHYTES IN 
THE LITTORAL ZONE OF WINDERMERE 
INTRODUCTION 
Windermere is a dimictic lake of glacial origin situated in 
Cumbria (Luther and Rzoska, 1970). Descriptive information on the 
morphology, geology, physico-chomistry and ecology of Windermere and 
other Cumbrian lakes was reviewed by Macan (1970) and will therefore 
not be summarised here. 
Beds of emergent aquatic macrophytes, predominantly consisting 
of a Phragmites-SchoenoRlectus-Carex association are abundant in the 
littoral zone of Windermere, especially in sheltered bays (Pearsall, 1920). 
Godward (1937) investigated the distribution of periphyton in the littoral 
zone of Windermere and noted that the inner margins of emergent macro- 
phyte beds supported characteristically different compositions of 
epiphyton than did the outer margins of the beds, The epiphyton 
established in mature macrophyte beds was qualitatively distinct from the 
epiphyton in JLmmature beds. The causal mechanisms for the distribution 
of epiphyton in the macrophyte beds were not elucidated. Knudson (1957) 
investigated the ecology of the epiphytic diatom Tabellaria flocculosa 
var flocculosa (Roth) Kutz, in emergent macrophyte beds in the littoral 
zone of Windermere and other Cumbrian lakes. Densities of Tabellaria 
increased rapidly in the spring in response to increased water temperatures 
and solar irradiation (Cannont Lund and Sieminska, IgGI). The incroase 
I 
was brought to an end in summer probably because of the deficiency of 
some essential nutrient such as silicate and because of increased grazing 
pressure from invertebrate primary consumers. On a seasonal basis the 
population densities of Tabellaria on the shoots of Schoenoplectus were 
significantly greater than those on the shoots of Phragmites. It was 
considered that differences in the topography and the taxonomic compos. 
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itiOn of epiphyton on shoots of Schoenoplectus and Phragmites may have 
contributed towards the differences in the densities of Tabellaria* 
At any one time, spatial variations in the population density of 
Tabellaria were found when populations from different macrophyte beds, 
different sites in one macrophyte bed, and different vertical heights 
from the water surface on single macrophyte shoots ware compared. 
The reasons for this inherent heterogeneity were not discussed, 
Bowker (I973j unpubl. ) thought that the heterogenous distribution 
patterns of epiphytic algae in emergent macrophyto beds could partly 
be caused by the differences in the densities of the aqua-tic macrophytes, 
To test this hypothesis, the rates of accumulations the taxonomic 
compositions and the population densities of epiphyton which developed 
on the surfaces of vertical bamboo cans substrata situated in stands of 
emergont macrophytes of various densities were compared. In a two 
month periods the rates of accumulation, the taxonomic diversitiess 
and the population densities of the epiphyton which developed on 
bamboo canes situated amongst dense stands of Junaus, Phalaris and 
Carex in shallow water at the lake margin were considerably less than 
those of the epiphyton which developed on substrata situated amongst 
diffuse stands of Phragmites and Schoenoplectus in deeper water at the 
outer margin of a macrophyte bed, It was concluded that the reduction 
in the productivity of the epiphyton on substrata situated amongat 
very dense emergent vegetation was probably due to the shading effect 
of the shoots which limited the photosynthetically available light 
I 
transmitted to the algae, and also to the reduced magnitude of the 
initial'. algal inoculum onto the substrata caused by the mechanical 
screening effect of the dense macrophyte shoots. 
On a visit to the Brathay Hall Field Centre, on the shore of 
Windermere, an opportunity was taken to obtain further information on 
the distribution of epiphyton in an emergent macrophyte bed by examin- 
ation of the naturally established communities rather than by the use of 
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artificial substrata. The results of this preliminary investigation 
are presented here. 
SITE 
The bed of emergent macrophytes which was visited on 6th April 
1975 occupied the margins of a sheltered bay in the Brathay Hall Estate 
about 200m south of the inflow of the River Brathay, The site was 
previously described by Godward (J937) and Bowker (1973.. unpubl. )* 
The marginal edge of the macrophyte bed was 87m long around the 
shoreline and was dominated by tuf ts of reedgrassq Phalaris arudinacea 
Trin and the common rushq Juncus effusus Mey. Monospecific stands of 
the sedge, Carex rostrata Stokes, occupied the landward margin of the 
littoral zone to a maximum depth of water Of Oo42mo The main body of 
the macrophyte bed* to a distance of about 4.6m from the shorelineg 
consisted of contagiously distributed stands of the common reed 
Phragmites communis Trin and the bulruahs Schoeng2lectus lacustris (L) 
Palla. Isolated shoots occupied the outermost margin of the bed to a 
maximum depth of water of 0,98m, The bottom of the macrophyte bed 
was composed of black anoxic mudt about 0,7m deepq covered with 
terrestrial leaf Utter and macrophytic detritus. The water temperature 
measured in situ with a mercury glass thermometer was 5,5 
0 C* The 
specific conductance, measured with a Dionic portable conductivity 
I 
"I 
meter was 65, "Scm . The water level in the lake had remained relatively 
stable for at least one month prior to the visit (M. Mortimer, 1975* 
perse commo)o 
METHODS 
Sam]21e Collection 
A series of samples. and measurements were collected in the 
macrophyte bed between IO*30h and 14*30h on 6th April J975. A wire 
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quadrat of dimensions 100, x 100mm was . employed 
to determine the population 
densities of emergent macrophyte shoots (in terms of numbers of shoots 
dm. ý2 lako bottom) at sixty representative and randomly distributed 
stations in the macrophyte bed, Twenty Carex dominated sites, twenty 
Phra&Mites dominated sitesq and twenty Schoenoplectup dominated sites 
were se'. 1ected, The aerial portions of some shoots were cut off with 
scissors to facilitate the use of the quadrat. One emergent shoot 
from each site was removed by cutting at the level of the bottom mud 
with scissors, All the collected shoots were dead or senescent 
specimens. Each shoot was hold by its apices and a segment about 50mm 
long which had originally occupied a depth from the water surface of 
between 0.25 - 0.30M was cut out with scissors and enclosed in a screw- 
topped labelled plastic tube containing about 5cm 
3 
of T16 formali'n 
2uantitative estimations of the apiphlton 
The shoot segments were transported to the laboratory and the 
epiphyton established on each segment was removed by scraping with a 
metal scalpel followed by washing under a jet of water from a plastic 
bottle. Scrapings and washings were transferred to the labelled tubes 
3 
employed previously for transporting segments with about 5cm of -326 
formaldehyde solution and a few drops of 98% 91YOGI-. 01o 
The lengths and mean widths of each shoot segment were measured 
with calipers supplied with a vernier scale. The surface areas of 
Phra&pites and Schoeno2lectus segments were given by the geometric 
formula for a cylinder$ 2-trrlp where r= average radiusp and 1= length* 
The surface area of Carex segments were given by length x average width. 
The samples of epiphyton were transported to Westfield Colleges 
3 
and each sample was diluted to a total volume of IOcm in 090IM 
hydrochloric acid in a volumetric flask and shaken vigorously, Tho 
3 
acidified shaken suspensions were transferred to J00cm conical flasks, 
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0 gently warmed on a hot plate to a temperature of about 45 Cs and 
shaken for 10 - 15 minutes using a Gallenkamp flask shaker, 
O-PICM 
3 
of each homogenised suspension was transferred with a 
graduated micro-pipette onto a microscope slide and dispersed beneath 
a. size 0 cover slip* 43 horizontal transects of each mount were scanned 
at xIO0 magnification using a Nikon binocular compound microscope* 
All algal individuals which were greater in length or diameter than 
100/.. tm were counted at xIO0 magnification. All algal individuals 
which were less than IO/4-m in length or diameter were counted in 3($ 
horizontal transects of each mount at xIO00 magnification. All algal 
individuals which were between 10 and IOOý^m in length or diameter were 
counted in 45 transects of each mount at x4OO magnification. Unicellular 
algae, dividing unicellular algae, colonial algaes cells of multi- 
cellular chl-orophytes and cyanophyte filaments were each counted 
as individuals, 
Scanning along transects was facilitated by the use of a moveable 
stage, and cross-lines in the eyepiece of the microscope, To minimize 
errors from edge effeotst all individuals which did not penetrate over 
halfway across the cross-lines were discounted (Lund, Kipling and LeCren, 
1958), Empty diatom frustuless which did not contribute towards the 
photosynthetic biomass of the samples wero also discounted. 
The total area of the mounts examined at each magnification# was 
estimated by means of a calibrated grid in the eyepiece of the micro- 
scope. From this the proportion of the total volume of sample suspension 
examin ed could then be estimated* The appropriate proportional.. 
conversions were then. employed in order to express the densities of 
epiphyton in terms of the numbers of epiphytic algal individuals per 
unit area'of macrophyte surface, Table Iol supplies information on 
the surface areas of each mount observed and the volumes of the 
suspensions examined* 
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Qualit-ative investi&ations of the el2iphyton 
All of the algal taxa observed during the counting procedure 
were drawn, their cell sizes measured, and their morphological and 
cytological features noted. The information was recorded on filing 
cards for reference purposes. The texts employed for the identifi- 
cation of each taxon, the taxonomic authorities employed and notes on 
the morphology and dimensions of taxa which could not be identified 
to the species level are given in Appendix I. 
The cloaning method described by Brandham (1973) was employed 
to prepare diatom frustules for taxonomic investigation, Epiphyton 
samples were boiled in concentrated nitric acid in Pyrex centrifuge 
tubes for about 15 minutes and about I00mg of solid sodium nitrate 
added. When oxidation of organic matter was completed, the samples 
were centrifuged at 2000 rpm for 5 minutes, washed in distilled water 
and centrifuged three times, and the diatom frustules were resuspended 
in 90016 ethanol in labelled tubes. Permanent mounts of the diatoms 
were made using a method recommended by E. Haworth (1975, $ 
pers, comm, ). A drop of alcoholic diatom suspension was placed onto 
the centre of a size 0 cover slip on a hot plate at a temperature of 
60 0 C. When the alcohol had evaporated a drop of Naphrax mountant 
(R. 1.1.74,, supplied by Northern Biological Supply) was added and the 
suspension was mounted on a labelled glass slide. The mounts were 
allowed to cool and harden before examination at xICOO magnification. 
Statistical procedures 
Statistical procedures were employed to estimate representative 
sampling and counting errors and to aid the interpretation of data* 
Determinations of standard deviationsp variances, and correlation 
coefficients, and t tests and Chi squared tests were carried out using 
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methods described by Bishop (1969). 
TO be consistent with the theory that variables should be 
continuously and normally distributed* population density data was 
converted by square root transformations. 
RESULTS 
Errors 
In determining the population densities of epiphyton in the 
present work, several sources of error deserve consideration. One error 
was the unavoidable loss of epiphyton from the macrophyte shoots 
during sample collection and subsequent manipulations, Precautions 
were taken whilst sampling to minimise losses, and it was assumed that 
because the sampling procedure was standardised, the loss of epiphyton 
from each macrophyte segment was about the same. A second source of 
error was the inability to remove all of the epiphytic algal cells 
from the macrophyte surfaces by scraping and washing. Thin sections of 
epidermis were cut from the segments after cleaning and it was found 
that some tightly adhering prostrate cells, probably representing 
1 ý2 between 100 and 500 individuals cm resisted removal. However, tho 
proportion of the residual cells was insignificant compared with the 
total amount of epiphyton removed, and this error was probably insig- 
nificant comDared to the methodological and statistical errors iniolved 
in sampling and counting the algae, 
The accuracy of the proportional calculations employed to convert 
-ample the numbers of individuals actually counted in an aliquot of ,, 
suspension to the total numbers of individuals in that suspension 
depended ong to a large extent, the degree of homogeneity of the 
suspension. Chi squared tests on original count 
data were consistent 
with random distribution of individuals in the suspensions, but values 
of Chi squared were very high which is indicative of clumped 
heterogenous 
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TABLE II AREAS AND VOLUMES OF MOUNTS OBSERVED USING THE GLASS 
SLIDE TRANSECT METHOD OF COUNTING EPIPHYTIC ALGAE 
Magnification 
XI00 
x4OO 
XIO00 
No. of transects 
45 
Area of mount Volume of mount 
625 011000 
315 0.0504 
157 0.0251 
45 
36 
Area of mount = mm 
2 Volume of mount = cm 
3 
TABLE 1.2 REPRESENTATIVE SAMPLING ERRORS EXPERIENCED IN COUNTING 
EPIPHYTIC ALGAE USING THE GLASS SLIDE TRANSECT METHOD 
_, 
Square root Standard Coefficient of 
Magnification nx actual count deviation variation 
XI00 5 14.37 1.97 13.7% 
x400 5 15.05 2,83 J8,80/0 
XIO00 5 12.82 4, s78 37,00 
n= number of replicates x= average 
coefficient of variation = standard deviation/average x 100 
/ 
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TABLE 1.3 POPULATION DE NSITIES OF EPIPHYTON AND EMERGENT XACROPHYTES 
IN THE LITTORAL ZONE OF WINDERMERE 
Dominant macrophyte n 
in quadrat 
Caxex 20 
Phragmites 20 
Schoenoplectus 20 
-2 x shoots dm 
lake bottom 
39 
10 
12 
-2 
cx algae cm -3 
., surface x 10 
22.6yo 18.9 27 89/o 
40.1% 169.8 31-89/o 
29.1% 66.4 46.8% 
n= number of samples; 1= mean; c= coefficient of variation 
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distribution, Acid hydrolysis and agitation assisted the dispersal 
of individuals in the suspensions by breaking up the muco-polysaccharides 
which held the algae together in gelatinous clumps, but nevertheless 
the variations recorded between replicate counts were high due to the 
heterogeneity within the suspensions. Table 1,2 providea some info=ation 
on the representative sampling and counting errors experienced* 
Five replicate O. jcm3 aliquots were removed Zrom 
Ia homogenized 
algal suspension and the individuals were counted using the glass slide 
transect method, The counts of individuals at xIO0 magnification were 
subject to a coefficient of variation of J3.70/0. Counts at x400 
magnification gave a coefficient of J8,80/5. The largest variation was 
found in counts at xJ000 magnification, The larger algal individuals 
(greater in length or diameter than IO/4. m) were relatively uniformly 
distributed throughout the mounting medium. However, counts at xIO00 
magnification, Of cells less than IOfAm in diameter; were subJect to 
higher variations because of the heterogenous distribution of the 
s '11 algae in the suspension. Small diatoms, filamentous cyanophytes mal 
and cells of multicellular chlorophytes were typically congregated 
together, 
Despite the sampling and counting errors encountered, very 
significant differonces were found between tho population densities Of 
epiphyton at different sites in the macrophyte bedg and therefore 
counts using the glass slide transect method provided suitable indices 
of algal standing CrOPS for comparitive purposes, 
Relationships between epiphytic and macro2hytic densities 
The results presented in Table 1.3 show that the mean population 
density of epiphyton established on shoots of Phragmites, 
(n = 20), at 
a depth of 0.25 - 0,3m was over 
. twice that found on Schoenoplectus 
shoots$ and over nine times 
that found on Carex shoots* The mean 
population density Of 
Carex shoots per quadrat was about 3 to 4 times 
as 3.4 - 
that of Schoenoplectus and Phragmites shoots. Using t tests it was 
found that the differences between the mean population densities of 
epiphyton on Phjýagiuitesj Schoenoplectu_s and Carex were highly significant, 
(P 
-ý 0-001)* The differences in the algal densities were most probably 
due to actual population differences rather than to variations caused 
by sampling and counting errors, 
The difference between the mean population densities of Phragmite-s 
and Schoenoplectus shoots was not statiatically significant, but Carex 
shoots were significantly denser than stands of Phra&mites and Schoeno- 
plectus. 
In Figure I. I the square root transformations of macrophyte 
density and epiphyte density are plotted against each other. Shoot 
density was negatively correlated with epiphyton density; the correlation 
coefficient r was - 0.55, which is significant at p=0.00j. 
Taxonomic composition of the epi2hlton 
Due to the large statistical variation between counts, it was 
difficult to describe the differences in the taxonomic composition of 
the epiphyton collected from different sites in the macrophyte bed in 
absolute numerical terms. Consequently, a relative scale of abundance 
has been employed in which very rare = less than I; rare =I- JO; 
frequent = 10 - 100; common = 100 - 1000; abundant = 1000 - 10000; 
and very abundant = 10000 - 100000 (all numbers in individuals cm 
ý2 
ma. crophyte surface). 
In Table 1,4 it is shown that 58 algal taxa were naturally estab- 
lished on Carex, Phraamites and Schoenoplectus shootsq and that no 
specifi6ity of algal taxa for certain macrophytes was recorded - the 
only exception being an isolated thallus of Batrachospermum monoliforme 
collected in a stand of Carex shoots, 
The relative reduction in the population densities of epiphyton 
on Carex shoots compared with densities on Phra&mites and 
Schoenoplectus 
as 35 
FIGURE T. I 
Population densities of epiphytic periphyton at a depth of 0.25 - 0.3 
plotted against population densities of emergent aquatic macrophytes in 
the littoral zone of Windermere 
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shoots was not correlated with a reduction in the number of algal 
taxas but with a reduction in the relative abundance of certain taxa, 
For examples the diatoms Gom honema olivaceumv Achnanthes minutissima 
and Gomphonema constrictum, the cyanophytes Chamaesiphon cylindricus, 
LXnEbXa purpuraseens and Oscillatoria splendida were relatively more 
abundant in the epiphyton on Phra&mites and Schoenoklectus shoots than 
on Carex shoots. However, a few taxa, including Eunotia spp. were more 
numerous on Carex shoots than elsewhere, About half the total number 
of algal taxa were vory rare in the epiphyton, whilst only a few taxa 
were categorized as abundant or very abundant. The sociological 
structure of the epiphyton on the different macrophyte taxa was in 
this respect relatively similar$ with many more rare algae than abundant 
algae* In Figure 1.2. the number of algal taxa in each relative 
abundance class are plotted, and it is significant that Carex shoots, 
which supported the smallest population densities of epiphyton, supportod 
the largest wimber of rare and an absence of very abundant algal taxao 
. 
DISCUSSION 
Statistically significant correlations between biological 
variables does not necessarily imply a causal relationship (Bishop 1969)o 
However., the results of this investigation suggest that a relationship 
existed between the taxonomic composition and the density of the stands 
of aquatic macrophytes and the taxonomic composition and the densi4. Ly 
of the epiphyton. Population densities of epiphytic -algae were 
significantly reduced amongst dense stands of Carex, whilst 
diffuse 
stands of Phragmites supported relatively denser assemblages of epiphyton. 
It is suggested that dense stands of Carex shaded the light 
transmitted 
to the epiphyton and therefore the productivity of the epiphyton was 
reduced as a result of the 
lower illumination afforded for photosynthesis, 
Shading effects ofmacrophytes-on algae have been demonstrated in other 
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TABLE 1.4 RELATIVE POPULATION DENSITIES OF EPIPHYTIC ALGAE ON SHOOTS 
OF PHRAG14ITES C0101UNIS, SCHOENOPLECTUS LACUSTRIS AND SLAREX 
ROSTRATA AT A DEPTH OF 0.25 - 0.3m IN THE LITTORAL ZONE OF 
WINDERMERE 
Algal Taxon 
PHYLUM CHLOROPHYTA 
Bulbochaete intermedia 
Chaetophora sp. 
Chaetopeltis orbicularie 
Coleochaete soluta 
Closterium sp. 
Cosmarium SP. 
Draparnaldia plumosa 
Geminella interrupta 
Hyalotheca mucosa 
Hormiclium subtile 
Mougeotia sp. 
Oedogonium sp. 
Pediastrum boryanum 
Seeneaesmus quadricauda 
Stigeocloneum amoenum 
Stigeocloneum faretum 
Tetraspora lubrica 
Ulothrix zonata 
Ulvella frequens 
PHYLUM CYA14OPHYTA 
Chamaesiphon cylindricus 
Chamaesiphon confervicolor 
Coelosphaerium kuetzingianum 
Lyngbya perelegens 
Oscillatoria splendida 
Phormidium autumnalo 
Phormidium foveolarum 
Schizothrix funalis 
Lyngbya purpurasconS 
PHYLUM BACILLARIOPHYr-PA 
Achnanthes minutissima 
Achnanthes microcephala 
Asterionella formosa 
Ceratoneis arcus 
Cocconeis placentula 
Cyclotella meneghiniana 
Cymbella lanceolata 
Cymbella micrccephala 
Cymbella ventricosa 
Epithemia turgida 
Eunotia veneris 
Eunotia lunaris 
Fragilaria capucina 
Fragilaria crotonensis 
Frustulia rhomboides 
Phragmites Schoenoplectus Carex 
f f f 
c f c 
c f c 
f f f 
r vr r 
vr vr r 
f f f 
r r r 
f r r 
f f f 
f f c 
f f f 
r r r 
r vr r 
0 c c 
f f c 
vr vr vr 
a a "A 
c f f 
va va a 
c c c 
r vr vr 
r r r 
f f r 
vr vr r 
c f f 
f f f 
va va a 
va va a 
f f f 
r vr vr 
vr vr vr 
f f f 
r r r 
vr r vr 
vr vr vr 
a a a 
f r r 
r r f 
r r f 
r r r 
c c c 
vr vr r 
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TABLE 1.4 (CONTINUED) 
Algal taxon Phragmites Schoenoplectus Carex 
Gomphonema acuminatum var 
coronata 
Gomphonema constrictum 
Gomphonema geminatum 
Gomphonema olivaceum 
Gomphonema olivaceum var 
calcarea 
Melostra Italica ssp antarctica 
Navicula radiosa 
Navicula rhyncocephala, 
Nitzschia palea 
Pinnularia acrosphaeria 
Stauroneis phoenicentron 
Synedra ulna 
Synedra ulna var radians 
Tabellaria fenestrata. 
Tabellaria flocculosa var 
flocculosa 
PHYLUM RHODOPHYTA 
Batrachospermum monoliforme 
vr = very rare 
r= rare 
f= frequent 
c= common 
a= abundant 
r vr r 
a a c 
r vr r 
va va a 
c f f 
r r r 
r r r 
r r r 
r r r 
r r r 
r r r 
c c c 
c c c 
c c c 
c c c 
f 
va = very abundant 
as . 
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FIGURE 1,2 
Numbors of algal taxa in -each rolative abundance class in epiphyton 
on Shoots of Carex$ Schoonoplectus and Phragmites 
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littorine ecosystemse Straskraba. and Pieczynska (1970) found that as 
Inuch. as 96% of the surface incident solar irradiation was removed by 
screening through dense strands of Phraa! Rites in Eastern European lakes 
before it was transmitted to the submerged algal communities,, The low 
light intensities in dense macrophyte stands were correlated with 
substantia. 31L reductions in the photosynthetic o. -, ýygen 6volution and 
otanding crops of phytOP'Lankton and epiphyton. In less dense macrophyte 
stands the light screening effect was not as significant and the 
productivity of the algal communities was accordingly higher* Similarly, 
Dokulil (1973) demonstrated that planktonic primary production was 
inhibited within stands of Phragmites in an Austrian lake, and Brandl, 
Brandlova and Postolkova (1970) cited by Wetzel (1975) showed that 
decreased rates of algal photosynthesi.. - were caused by shading by 
leaves of Potomageton and Elodea. Godward (1934) believed that the 
marginal distribution of epiphyton en leaves of Elodea was a --ftinction 
of light screening by the shootsq and Ross (1955) considered that the 
productivity of bottom-living algae in Fast African lakes may havo been 
limited by dense macrophytic vegetation. 
Godward (1937) f ound that in Windermere the algae Frustulia 
rhomboides, Batrachospermum monoliforme, Eunotia lunaris and Eunotia 
veneris were most numerous in the inner and denser edges of emergent 
macrophyte beds possibly, because they were not tolerant of high 
illumination. These findings are consistent with the present investiga- 
tion. Bowker (19731 unpubl. ) found that only V algal taxa developed 
in the periphyton on artificial substrata submerged amongst dense 
macrophytic stands in the margin of a Windermere macrophyte 
bed, whilst 
49 taxa developed on substrata submerged in open water at the outer 
margin of the bed. This is not consistent with 
the present investigation 
in which 58 taxa were distributed throughout the macrophyte 
bed. 
However, the previous investigation was carried out in summer# when 
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densities of the macrophytes were much' greater. and therefore the 
light screening effect in the inner margins would probably be greater, 
Whilst it is considered that the light screening effect of the 
macroPhyte shoots was an important factor which controlled the distribution 
of epiphyton in the macrophyte bed investigateds this does not preclude 
other factors from acting simultaneously. Differential losses of 
epiphyton by mechanical factors such as erosion by wave action and 
grazing by herbivorous invertebrates may have caused differences in 
the densities of epiphyton on different macrophyte shoots, and the 
effects of the topography of the macrophytic surfaces and the macrpphytic 
exudates may have been significant, 
No indication of the effect of the vertical attenuation of light 
on the ste-nding crops and taXonomic compositions of the epiphyton on 
the macrophyte shoots was provided by this investigation* Cholnoky 
(1927) demonstrated that the vertical distribution of Cabella sRp* on 
emergent macrophytes could be related to vertical light attenuation 
and Bowker (19739 unpubl. ) f ound that maximal development of periphyton 
on bamboo rods in Windermere occurred between depths of 0.15 and 0.45m 
from the water surface. It was presumed that wave action eroded a 
substantial biomass of periphyton from the air/water interfaces of the 
emergent substratal and that diminished light intensities and possibly 
toxic ef fects of the anoxic sediment caused lower standing crops at the 
bases of the substrata* 
The investigation presented here suggests that a multitude of 
factors control the distribution of epiphyton in freshwater ecosystems# 
and that in order to provide a more comprehensive understanding, more 
research is warranted, lln Part 3 of this thesis, an attempt 
is made 
to discuss these factors in more detail. 
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CHAPTER 12 ENVIRONMENTAL VARIABLES AND SEASONAL CHANGES IN EPIPHYTON 
ON LEMNA MINOR IN WESTFIELD PONDS. 
INTRODUCTION 
Lemna minor L. 9 the lesser duckweed, is a cosmopolitan inhabitant 
Of still or Slow moving hard waters in temperate and tropical 
climates. In common with other members of the family Lemnaceae it 
consists of small individuals termed fronds which live on or just below 
the water surface. Lemna minor can be a nuisance in waterways and 
ponds by producing prolific surface coverings due to its characteristic 
property of rapid vegetative multiplication in favourable environmental 
conditions (Hillman, jIL96I). 
The vegetative morphology of Lemna minor is described diagram- 
atically in Figure 1.3. A frond consists of a floating discoid thallus 
about 2 -5mmin diameter, from the underside of which arises a submerged 
thread-like organ of variable length up to 300mm. The evolutionary 
origin of these organs has been variously interpreted (Sculthorpe, 1967). 
but the floating portion is probably a modified leaf or foliar organ 
and the submerged root-like structure is probably a modified stem or 
axial organ. Various surfaces are available in the phyllosphere of 
Lemna minor for epiphytic algal attachment. The foliar organ is divided 
into a slightly convex adaxial surface* the aerial zone', and a slightly 
convex abaxial surface t, the central zonet around the periphery of which 
is i-he marginal zone . In a floating frond the aerial zone is exposed 
to the a-traosphere, its epidermis is highly cutinized, and contains 
stomata. The foliar organ is less than four calls in thickness, and 
contains air spaces or lacunae which endow buoyancy. The epidermal 
cells of growing foliar organs are densely packed with chloroplasts. 
From the central zone of mature fronds can arise one or two daughter 
fronds. The immature fronds are initiated as outgrowths from meristematic 
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pockets within the foliar organs. The'daughter fronds expand and 
eventually break away from the mother frond. The axial organ of an 
immature frond possesses photosynthetic and assimilatory ability, but 
this ability declines on maturity. The axial organ of a mature frond 
consists of an upper proximal zone$ a lower distal zone and an apical 
terminal zone. In young fronds the terminal zone consists of a 
conspicuous basal sheath and swollen cap, but as the frond enters 
senoscence the cap curves upwards, wrirAles and finally becomes 
detached. 
Most of the experimental work on. the ecology of Lemna minor has 
involved studies of the factors which influence the growth and the 
reproduction of the fronds under axenic conditions in the laboratory 
(Hi'. 'lman,, 1961), or on competition between fronds in cultures (Clatworthy 
and Harper, 1962; Wolek, 1974). Few investigators have studied the 
natural cycles of growth and development of duckweed populatione under 
natural conditions (Pejmankovas 1975). Th6re is no previous information 
on the seasonal periodicity of epiphytic algae on the surfaces of 
Lemna minor, 
The aim of the investigation presented here was to examine the 
factors controlling the seasonal changes in the taxonomic composition, 
the distribution and the population densities of epiphyton on Lemna_minor 
in a 'natural ecosystem, 
SITE 
Two adjacent man-made ponds in the gardens of Westfield College 
wero the sites of the investigation. Pond A was conical in shape with 
a water depth of 0.34 - 0.72m and a maximum surface area of approxim. 
ately 5.4m 
2. Pond B was rectangular in shape with a water depth of 
0.17 - 0.33m and a maximum surface area of approximately 3.3m, 
2. Water 
from Pond B drained into Pond A. 
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The ponds were cement linedp but the cement was covered in a. 
layer of mud and rotting vegetable matter up to 90mm, in thickness* 
Water input was supplied from rainfall and occasionally from the 
domestic water supply, The macrophytes Elodea canadensis Michx. 0 Lemna 
minor L., and Spirodela polyrrhiza L. had been introduced into tho 
ponds. 
METHODS 
Sample Collection 
Samples of water and plant material were collected at monthly 
(28 - 31 day) intervals between 1.5.76 and 2.4.77 inclusive at times 
between --og. -Oo and -12; 00ti. Between May and August J976, all samples 
were collected from Pond A. Pond A was drained to dryness in August due 
to a structural fault, and therefore all subsequent samples were 
collected from Pond B. 
Surface water for chemical analyses was collected in a cleaned 
(acid and distilled water washed) polyethylene bottle of volume I. Odm 
39 
except for water for dissolved oxygen analyses which was collected in 
glass Winkler bottles of volume 66. Ocm 
3. 
A wide-mouthed cylindrical glass jar of internal diameter 94mm 
was employed to collect samples of floating plant material. The material 
which was delimited when the Jar was pushed vertically downwards through 
the floating community was transferred to glass collecting flasks, 
Using this method five replicate samples of floating plant material 
were collected each month from randomly selected sites in the pond. A 
sixth sample of floating plant material was collected and transferred 
3 to a labelled specimen tube containing about 5cm of 3% formaldehyde 
solution, During the collection of plant material a subjective estimate 
of the percentage cover of the water surface by the floating fronds 
was made. 
' 45 - 
Figure 1.3 Diagrammatic. ropresentations of the phyllosphere of 
Lemna minor to show zones available for attachment of epiphytio 
algae 
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Physico-chemical estimations 
Each month, sub-surface ( IOmm. depth) water temperatures were 
measured in situ with a mercury in glass bulb thermometer. Sub-surface 
(0-100 mm depth) water samples for chemical analyses were transported 
to the laboratory. Dissolved oxygen concentrations were measured using 
the standard Winkler i0dometric method (Golterman and Clymo, 1969), 
employing three replicates, and taking the necessary precautions to 
prevent the inclusion of air bubbles in the samples. pH values were 
recorded using a Pye Unicam model 290 pH meter. Water samples for 
estimation of nitrate-nitrogen, ammonium-nitrogen, nitrite-nitrogen# 
orthophosphate-phosphorus, and silicate were filtered through Whatman 
GF/C discs of diameter 55mm using Buchner suction apparatus to remove 
suspended particulate matter. Chemical analyses of the filtrate were 
carried out using a Hach DR-EL/2 engineers laboratory (Hach Chemical 
Company, Ames9 Iowa, U. S. A. )j employing the methods described in the 
makers handbook. Analyses depended on the devolopment of a specific 
colour when appropriate reagents supplied by the makers of the instru- 
ment were mixed with water samples of volume 25cm 
3 
in glass vials, The 
optical densities of the samples were then estimated against reagent 
blanks in deionized water using the colorimeter at a proset wavelength, 
The concentrations of the ions were given on a direct read-out scale. 
Three replicate analy. -Oes for each ion were carried out, A=onium- 
nitrogen was estimated using Nessler's reagents, Nitrite-nitrogen was 
estimated using diazotization with sulphan. 'Llamide and coupling with 
N- (I-naphthyl) - ethylene diamino hydrochloride, Nitrate-nitrogen 
was estimated using cadmium reduction, followed by nitrite analysis. 
OrthoPhosphate-phosphorus was estimated using the phospho-molybdate 
reaction with ascorbic acid reduction. Silicate was estimated using the 
heteropoly-blue method* 
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! Z! antitative investigations Of Plant material 
Each month, samples of floating plant material collected from 
known areas of water surface were transported to the laboratory and 
immediately transferred to shallow enamelled dishes containing tap 
water. Macro-invertebratesl detritus and macrophytea other than 
Lemna minor were picked out with tweezers. Four samples were oven dried 
to constant weight at 105 
0C in aluminium foil boats and the dry weights 
of the fronds were determined. The appropriate proportional calculations 
were employed to determine the dry weight of fronds per unit area of 
pond surface. 
One hundred freshly collected fronds were randomly selected from 
the fifth sample of floating plant material. Each frond was placed in 
the oentre of a glass microscope slide and observed with a Lumiscope 
stereoscan microscope at x 20 magnification. The areas of the adaxial 
and abaxial surfaces and the lengths and average widths of the axial 0 
organs of each frond were estimated by use of a pre-call. brated grid 
fitted to the eyepiece of the microscope. From measurements on one 
hundred fronds, the mean surface areas, of the foliar organ, the mean 
lengths of the axial organs, aLid the mean surface area of the axial 
organs were calculated (the. surface areas of the axial orgams were given 
by the geometric formula for the surface area of a cylinder), The dry 
weight of the 100 frond sample was estimated as described above, 
Another sample of one hundred fronds was floated onto I00cm 
3 
of 
formaldehyde-acetic acid-alcohol solution (made from mixing 50 cm 
3 
95% 
ethanolq 5cm 
3 
glacial acetic acids and. IOcm 
3 
of conmercial formalin in 
35cm 3 distilled water) in a '250cm 
3 
conical flask. The flask was gently 
warmed on a hot plate to a temperature of about 500cs and shaken for 
about 30 minutes on a Gallenkamp orbital shaker. The 
fronds were removed from the solution with tweqzers, and their dry 
weight determined as described above. Three O. Icm 
3 
aliquots of solution 
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containing epiphytic algae which had dissociated from the fronds were 
pipetted onto glass microscope slides. The algae in the mounts were 
then enumerated using the glass slide transect method described on p. 27. 
The appropriate proportional calculations were employod to estimate 
the numbers of diatomss cyanophytes. and chlorophytes per unit dry weight 
of Lemna minor fronds. 
The samples of Lemna minor which had been preserved in 3% form. 
alde. hyde solution in a collecting tube were stored on a shelf in the 
laboratory for 12 - 15 days, During storage the pigments decomposed 
and the frond tissues became partially translucent and suitable for in 
situ examination of epiphytic algae. Ten fronds were individuallY 
mounted in 98016 glycerol on glass microscope slides beneath siz: e 0 
cover-slips. Epiphytic algae were examined on the surfaces of each Z 
frond using a Nikon binocular microscope at a magnification of xIO00 
usin& rm oil immersion objective. Only the epiphytic algae on the 
mother fronds (with a foliar organ surface area greater than 5mm 
2) 
were 
counted. The counting of algae on the macrophytic surfaces was 
facilitated by the uso of a precalibrated grid fitted to the eyepiece 
of the microscope. It was found that 42 fields of view delimited by 
the g. rid observed a surface area of sample of i. Omm 
2 (asolming the sample 
to bo flat and uniform). The number of epiphytic algal individuals 
including unicellular algae, dividing unicellular algaet colonial 
algael filaments of cyanophytes and cells of multicellular chlorophytes 
were counted in 42 fields Of View in six zones in the phyllosphere of 
five fronds. I-Me six zones are diagramatically represented in Figure 1.3. 
2 
Estimatea of the numbers of chlorophytes, cyanophytes and diatoms per mm 
of macrophyte surface were recorded. 
Identification of epiphytic algae 
Taxonomic studies of the epiphytic algae associated with Lemna minor 
were carried out using the methods described on p. 
29 
. The algae 
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established on the ton fronds mounted for quantitative investigations 
were identified, and their epecific locations in the phyllosphere of 
the fronds were noted. Water samples from the pond were examined 
microscopically and any algae in the samples were identified. 0 
Statistical procedures 
Statistical procedures described by Dishop (1969) were employed 
to determine representative sampling errers and to aid. the interpretation 
of data. 
Standard deviations of average values were calculated. A two-way 
analysis of variance was employed to determine if the differonce 
between the average population densities of algae established in the 
six zones in the phyllosphere of Lemna minor were statistically signif- 
icant, Logarithmic transformations were employed to normalize population 
density data, 
RESULTS 
Errors 
In counting the epiphyton on the surfaces of Lemna minor., several 
sources of error deserve consideration, The errors of enumeration were 
to some extent dependent upon the heterogeneity of the algae, Low 
population densities of epiphyton tended to be very contagiously 
distributedl with coefficients of variation between samples of over 
10011'6. Denser populations were more uniformly distributed, Some 
examples of representative sampling errors are given in Table 1.5. 
Whilst dense populations of epiphytic algae were less heterogenously 
distributed, they were very difficult to enumerate accurately. 
Population densities of less than about 500 individuals mm -2 U*041 
about 12 individuals per field of view) were estimated relatively 
easily, Denser populationso especially those of filamentous cyanophytes 
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TABLE 1.5 REPRESENTATIVE SAMPLING M ORS EXPERIENCED IN COUNTING 
EPIPHYTON ON SURFACES OF LEMNA MINOR 
DATE ZONE PHYLUM COEFFICIENT OF 
VARIATION 
June Marginal Diatoms 12.6 102.9% 
June Proximal Cyanophytes 12.4 200. Vlo" 
August Proximal Chlorophytes 7.6 I97. I%o 
March Marginal Diatoms 223.2 8,21/6 
August Proximal Cyanophytes 720.0 41.7% 
June Proximal Chlorophytes 634.0 35, r/o 
-2 X average population density (number of individuals mm. 
coefficient of variation standard deviation/mean (109, transformation) 
expressed as a percentage 
6 
-I- 
and chlorophyteal proved to -be more tedious to enumerato because the 
filaments tended to intertwine and overlap and therefore it was 
difficult to count the individuals in one focal plane of the micro- 
scope, and delicate adjustment of focussing was required. It is 
possible that the size of dense populations may have been underestimated 
because there was a sampling bias towards observing and counting the 
less dense assemýlages. On the other hand$ very small populations may 
have been overestimated because there was a sampling bias towards 
counting the algae in fiolds of view which included algae rather than 
fields in which algae were absent, 
The assumption that 42 Alields of view examined a unit surface 
area of macrophyte was an important source of error. The assumption 
did not take into account the differential curvature and-topographies 
of the surfaces examined, It is possible that the differences in the 
population densities of epiphyton were only relative to the sampling 
unit employed rather than to the actual unit surface areas of racrophytes. 
Another source of error was encounterod in enumerating small 
green unicellular algae such as members of the Chlorococcales. It is 
possible that during observation of the surfaces of the foliar organs 
of Lemna minor some of theso small algal cells may have been overlooked 
because of their resemblance to the plastids in the epidermis of the 
macrophyte, The epidermal cells were often richly endowed with 
chloroplasts, starch grains and calcium oxalate crystals, and therefore 
confusion between the small epiphytic algal cells and the cell inclusions 
of the macrophyte was encountered. 
The loss of epiphyton from the fronds during Sample. collection, 
preservation and preparation for counting was considered an important 
source of errors. During the 12 - 15 day storage . 
period, the preserva- 
tive solution was examined microscopically and very few epiphytic 
algae were found to have become dislodged 
from the fronds* However, 
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on more prolonged storageg the epiphyton tended to dissociate from the 
fronds, especially if the samples were shaken. Therefore all examination 
of material was carried out within 15 days of collection and the samples 
were not shaken during storage. 'When the fronds were mounted in 
glycerol prior to observations there was a tendency f or some algae to 
detach from the fronds and become suspended in the mounting medium. 
However, the numbers which became detached were insignificant compared 
with the total standing crop which remained on the fronds. 
The sources of error experienced using the glass slide transect 
method to count the algae removed from the f ronds by acid hydrolysis 
ate discussed on p, 3-3-, Microscopic examination of fronds which had 
been shaken in warm formaldehyde-acetic acid-alcohol solution showed 
that the removal of epiphytic algae was usually complete, although W 
sometimes a few cells, especially those which were closely appressed 
to the macrophytic surfaces, resisted removal. 
It is apparent that due to tha sources of-error discussed above, 
the absolute population densities of epiphyton on the surfaces of 
Lemna minor could not be estimated. Howevers because the sampling and 
counting procedures were standardiseds it was considered that the 
methods employed were sufficiently accurate to determine the relative 
qualitative and quantitative changes which occurred in the epiphyton 
between tho monthly intcrvals of examination over the course of one 
year. Population density changes in the epiphyton were of such 
magnitude that relative estimates were of use. 
Similarly, the use of the Hach colorimeter to provide estimates 
of nutrient ion concentrations may be criticized, The use of the Hach 
instrument was decided upon because it provided relatively quick and 
easy methods. However, the accuracy of the results obtained are under 
some doubt. Standard samples of known ionic concentration were prepared 
in deionised water and analysed with the instrument using the methods 
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employed for analysis of samples of unknown ionic concentration from 
the ponds. Analyses of standard concentrations of nitrite-nitrogen# 
ammonium-nitrogent orthophosphate-phosphorus and silicate provided 
results which were within about 10 - 15% of the standard concentrations. 
Analysis of nitrate-nitrogen ntandards provided results which were 
within 25% of the standard concentrations. Consequently the results 
obtained from the use of the Hach colorimoter cannot be relied upon to 
supply accurate estimates of the concentrations of nutrient ions, but 
tho results are of value to provide information on relative changes 
over a period of time* 
It is regrettable that the methods employed to measure the 
biological and environmental variables were subject to considerable 
errors, but the changes in these variables were so rapid and of 
sufficient magnitude that the relative estimates were of use. - 
Physico-chemical variables 
Seasonal changes in physico-chemical variables estimated in 
Westfield college ponds are shown in Figure 1.4. Temperatures varied 
with an annual mean of 11 
0 C, a seasonal minimum of 00C-40c 
between November and January when intermittent ice-cover occurred, 
and a seasonal maximum of 21 
0C in June. pH values fluctuated around 
neutrality, with a maximum of 7.35 in May I and a minimum of 6.60 in 
April. Nitrate-nitrogen* ammonium-nitrogent silicate and orthophosphate- 
phosphorus occurred relatively abundantly during the period October to. 
April,, with recorded concentrations. of 0.45 - 1.4 mg dm -3 , 0.65 - 0.96 
mg dm -3 9 2.9 - 5,6 mg dm 
-3 and 0.17 - 0.32 mg dm -3 respectively, 
During the period April to September 
these concentrations. A nitrate-nit: 
an ammonium-nitrogen minimum of 0.25 
orthophosphate-phosphorus minimum of 
there was a general reduction in 
rogen minimum of 0.3 mg dm -3 and 
mg dm -3 was recorded in June, an 
-3 O. OIG mg dm was recorded in May, 
as 54 - 
0 
FTGURE To-4 
Seasonal changes in physico-chemical parameters in Westfield ponds 
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and silicate concentrations. were less than 0.5 mg dmý3 between May 
and July. Nitrite nitrogen concentrations were maintained at barely 
detectable levels of less than 0.005 mg dm -3 throughout the year, 
Dissolved oxygen concentrations were relatively high between November 
and Aprils with values ranging from 6.2 - 12,5 mg dm -3 , and a seasonal 
maximum in January. Between May and August dissolved oxygen was 
depleted from the surface waters. In July and August complete 
deoxygenation of the waters was recordedt but oxygen concentrations 
increased again during September and October, During the period of 
deoxygenation a smell of hydrogen sulphide was noticed. 
Growthcycle of Lemna minor 
Seasonal changes in the standing crop and percentage cover of 
Lemna minor on the surface of Westfield ponds are given in Figures 1.5 
and 1.6 respectively. The maximum accumulated biomass occurred in 
August when a crop of 1.47 + 0.36 g D. Wt. dM- 
2 
was recorded, After 
August a decline in standing crop occurred, the greatest rate of 
decline occurring between November and January. A residual standing 
crop of senescent, dormant or dead floating fronds with a dry weight of 
less than 0.5 g dm -2 remained during the period November to March 
covering less than 5% of the pond surface. Between April and August 
an increase in Lemna standing crop occurred with a rate of accumulation 
2 -1 of approximately 15 mg D. Wt- dm. day * Consequently between May and 
August the ponds were completely covered in fronds-, and the thickness 
of. the floating mat increased in proportion to the number of fronds 
which accumulated. 
In Figures 1.7,1.89 and I. 9j data on the seasonal changes in the 
dry weightso surface areas of the foliar organs and lengths of the 
axial organs of individual fronds are presented, During the period 
May to December the trend was for the dry weights of individual fronds 
to fall from a mean of 0.126 mg D. Wt. in May to a mean Of 0.116 mg D. 1,11t. 
-56 " 
FIGURE 1.5 
Seasonal changes in standing crop of floating fronds of Lemna mitior 
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r. LUUHPJIS 1.6 - 1-2 Seasonal changes in Lemna minor in Westfield ponds 
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in December. Correlated with the dry weight decrease, a decrease in the 
average numbers of leaves per frond (from 2.8 in May to 1.7 in December)v 
a decrease in the average abaxial surface areas of the foliar organs 
(from 18.1 mm 
2 in May to 5.2 mm 
2 in December), and a reduction in the 
average lengths of the 0-. Ytcx-C organs (from 29.8 mm in May to 7.6 mm in 
December) occurred. During the period December to Aprilt the average 
dry weights, foliar surface areas and axial organ lengths stabilized 
with values of 0.106 - 0,116 mg D. Wt., 5.1 - 9.5 mm 
2 
and 7,, 2 - 10.1 mm 
respectively being recorded, 
Seasonal periodicity of epi]Rhyton on Lemna minor 
Seasonal changes in the population densities of epiphytic diatoms, 
cyanophytes and chlorophytes per unit dry weight of Lemna are given in 
Figure 1,10. Mean values derived from three replicates are given. 
Diatoms were rare in the epiphyton between May and January, 
producing population densities of between 200 and 5000 cells mg D. Wt. -I 
Lemna. However$ in the springs beUeen February and April, diatom 
production increased to reach maximum density of about 24000 cells mg D. Wt 
Chlorophytes exhibited two peaks of abundance. A peak occurred 
in the spring, simultaneously with the diatom peak, producing maximum 
population densities of about J8oOO individuals mg D. Wt. 
ýJ- Another 
ýI 
peak, containing. 'densities of about 8000 - 22000 individuals mg D. Wt. 
occurred botween May and june. For the rest of the years chlorophyte 
densities remained low, and reached a minimum of about 200 individuals 
mg D. Wt. -I during August* 
Cyanophytes. were not abundant at the times of the year when 
chlonphytes and diatoms produced seasonal maxima. Cyanophytes were most 
numeroi; s in late summer and early autumn. Between July and September, 
population densities of cyanophytes ranged from 12000 - 99000 
individuals 
mg D. Wto -I , declining 
to 17000 - 23000 individuals mg D. Wt. 
-I between 
October and February, 
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A total of 56 taxas which are listed in Table 1.69 were found in 
the epiphyton on Lemna minor during the investigation, A list of taxa, 
with the taxonomic authorities, the texts employed for identification 
and notes on the morphological features of taxa which could only be 
identified to the levoll of genera is given in Appendix 2. 
In Table 1.6 the occurence of the 56 taxa is tabulated. Only II 
taxa were established in the epiphyton throughout the year* 13 taxa 
appeared only in the springs and 9 taxa occurred only in the summer. 
Other taxa were categorized as winter and spring forms, spring and 
summer forms, summer and autumn forms, autumn and winter forms, or 
autumns winter and spring forms, 
In Table 1.7 the number of taxa in each phylum found per month 
are tabulated. Two to fifteen chlorophyte taxa occurred each month, 
with the largest numbers occurring between May and July and least 
numbers between November and January. The numbers of diatom taxa found 
per I month ranged from two to fourteen, with the smallest numbers in 
May and July and the maximum numbers in April. The numbers Off cyanophyto 
taxa found each month ranged from four to ten, with the largest numbers 
between June and October and the least numbers between November and 
February. 
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TABLE 1.6 OCCURRENCE OF ALGAL TAXA"IN EPIPHYTON ON LEMNA MINOR IN 
WESTFIELD PONDS 
J F M A M J J A S 0 ND Category 
CYANOPHYTA.. 
Anabaena inaequalis + + + + + + + + AYR 
Calothrix parietina + + + + su 
Lyngbya perelegens + ++ AU1W 
MorismoPedia sp. indet. + + SP 
Nostoc coeruleum + + + + + + + + + + AYR 
Nostoc punctiforme + + + + + + + + + + AYR 
Nostoc verruccosum + w 
Oscillatoria sp. indet. I + + + + + + + + AYR 
Oscillatoria sp. indet. 2 + + + + + ++ W/sp 
Oscillatoria splendida + SP 
Phormidium sp. indet. I . . . . . . SU/AU 
Phormidium sp. indet. 2 + + + AU 
Phormidium sP. indet. 3 + + + + + + + + + ++ AYR 
Phormid-,, -um, 
fragile + + + + AU 
Phormidium tenue, + 
\A/ 
Pseudanabaena catenata + + + su 
Schizothrix sp. indet. + + + SP 
Syn-chocystis SP* indet. + w 
CTILOROPHYTA 
Ankistrodesmus falcatus +++ su 
Aphanochao-'(-. e repens +++ SP 
Chaetoophaeridium globosum ++++++++ AU, 
/VI/SP 
Chiamydomonas sp. indet. ++ su 
Chlorococcum infusorium +++ SU/AU 
Chlorochytrium lemnae ++++++++++++ 
AYR 
Coleochaete scutata ++ 
SP 
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TABLE I. ra continued 
AS0ND Category 
CHLOROPHYTA 
Endoclonium polymorphum + ++++ SU/AU 
Gongrosira sp, indet, ++ + IV/sp 
Hormidium sp. indet. + + + SP 
Microspora stagnorum + + su 
Microthamnion kuetzingianum + + + SP 
Oedogonium sp. indet, + + +++ SU/AU 
Protoderma viride + + su 
Scenedeamus bijugatus + + + + + + SP/SU 
Scenedesmus obliquus + + + + + + SP/SU 
Sphaerobotrys fluviatile ++ + + + + +++ AYR 
Spirogyra nitida + + + su 
Stigeocloneum farctum + + + + SP/SU 
Ulvella frequens ++ + + W/sp 
Volvox sp. indet. + + + su 
EUGLENOPHYTA 
Euglena sp, indet. +++ su 
BACILLARIOPHYTA 
Achnanthes hungarica ++ +++++++++ AYR 
Achnanthes lanceolata ++ + SP 
Achnanthes minutissima +++ +++++ AUAVISP 
Amphora ovalis + SP 
Cymbella ventricosa + SP 
Epithemia turGida + + SP 
Fragilaria capucina + SP 
Gomphonema acuminatum +++ ++++++++ AYR 
Navicula cryptocephala +++ +++++ A/W/SP 
- 63 - 
TABLE 1.6 continued 
J F M A MJ JA S 0N D Category 
BACILLARIOPHYTA 
Navicula hungarica, + SP 
Navicula. sp. indet. + + + + + ++ + + + AYR 
Nitzschia dissipata + + + + + + ++ + A/W/SP 
Nitzschia palea, + + + + + + + ++ + AYR 
Cocconeis placentula. + + + + ++ ++ + ++ + AYR 
CHRYSOPHYTA 
Synura, sp. indet. ++ + su 
Miscococchus sp. indet. + w 
Legend: AYR All year round 
SP Spring (March May) 
SU Summer (June August. ) 
AU Autumn (September November) 
W Winter (December February) 
TABLE 1.7 NU14BERS OF ALGAL TAXA IN EACH PHYLUM IN THE EPIPHYTON ON 
LEMNA I-INOR IN WESTFIE LD PONDS 
J F M AM J J A S 0 N D TOTAL 
CHLOROPHYTES 4 7 12 10 15 15 Io 4 6 3 2 21 
CYANOPHYTES 7 5 7 77 8 9 10 8 10 5 4 18 
CHRYSOPHYTES I I I 1 2 
EUGLENOPHYTES I I I I 
DIATOMS 7 9 10 14 2 5 4 6 8 8 8 14 
TOTAL Ig 21 29 31 26 30 25 21 20 24 16 14 
I 
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TABLE 1.8 DISTRIBUTION OF EPIPHYTIC ALGAL TAXA IN THE PHYLLOSPHERE 
OF LEMNA MINOR IN WESTFIELD PONDS. 
term. dist. prox, marg. cent. aeri. 
CYANOPHYTA 
Anabaena inaequalis + + 
Calothrix parietina + + + + 
Lyngbya perelegens + + + + 
Merismopedia sp. indet. + + 
Nostoc coeruleum + + 
Nostoc punctiforme + + 
Nostoc verrucosum + + 
Oscillatoria sp, indet. I + + + + + + 
Oscillatoria sp. indet. 2 + + + + + + 
Oscillatoria splendida + + 
Phormidium sp, indet, I + + + + + + 
Phormidium sp. indet, 2 + 
Phormidium sp. indet. 3 + + + + + + 
Phormidium fragile + + + + 
Phormidium tenue + + 
Pseudanabaena catenata + + 
Schizothrix spe indet. + + 
Synechoeystis sp. indet. + + 
CHLOROPHYT-4, 
Ankisil-, rode smus falcatus + + 
Aphanochaete repens + + + + + 
Chaetosphaeridium globosum + + + + + 
+ 
Chlamydomonas sp. indet. + + 
ChlorococCum infusorium + + + + 
+ + 
Chlorochytrium lemnae + 
+ 
Coleochaete scutata + + 
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TABLE 1.8 continued 
, 
CHLOROPHYTA 
Endoclonium polymorphum 
Gongrosira sp. inOet. 
Hormidium sp. indet. 
MicrOspora stagnorum 
Micro'. -hamnion kutzingianum 
Oedogonium sp. indet. 
Protoderma viride 
Scenedesmus bijugatus 
Scenedesmus obliquus 
Sphaerobotrys fluviatile 
Spirogyra nitida 
Stigeocloneum farctum 
Ulvella frequens 
Volvoz sp. indet. 
EUGLENOPHYTA 
Euglena sp. indet. 
RACILLARIOPHYTA 
Achnanthes hungarica 
Achnanthes lanceolata 
Achnanthes minutissima 
Amphora ovalis 
Cymbella ventricosa 
Epithemia turgida 
Fragilaria capucina 
Gomphonema acuminatum 
Navicula cryptOcephala 
term. dist, prox, marg, cent, aeri, 
++ 
++ 
+ + + + + 
+ + + + + 
+ + + + + 
+ + + + 
+ + + + + 
+ + + + + 
+ + + + 
+ + + + 
+ + + + + 
+ 
+ 
+ 
+ 
+ 
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TABLE 1.8 continued 
BACILLARIOPHYTA 
Navicula hungarica 
Navicula sp. indeý. 
Nitzschia. dissipata 
Nitzschiaý, palea 
Cocconeis placentula 
CHRYSOPHYTA 
Synura sp. indet, 
Miscococchus sp* indet. 
term. dist. prox, marg, cent. aeri, 
+ + 
+ + + 
+ + + + + + 
+ + + + + + 
+ + + + + + 
+ + + + + 
+ + 
Legend: term, 
dist. 
prox. 
marg, 
cent. 
aeri. 
terminal zone 
distal zone 
proximal zone 
marginal zone 
central zone 
aerial zone 
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Distribution of epiphyton on Lemna minor 
All of the algal taxa were not uniformly distributed over the 
surfaces of Lemna minor as tabulated in Table 1.8 and illustrated in 
Figure I. II. Only twenty t. -Axa became established eurytopically throughout 
the phyllosphere., Most of the eurytopically distributed taxa produced 
relatively dense populations. 21 taxa were restricýed in distribution 
to the foliar organ surfaces and 4 taxa wore restricted in distribution 
to the axial organ surfaces. 
Figures 1.12 and 1.13 provide data on the population densities of 
cyanophytes on the foliar and axial organs of Lemna minor respectively. 
The population density values given are average densities based on five 
replicate counts. The marginal zones supported the greatest population 
densities of cy4anophytes throughout the year on the foliar organs, with 
peaks of abundance in October (260 individuals mmý2 ) and January (190 
-2 individuals mm Densities were extreme'... y small (15 - 20 individuals 
-2 mm ) in April and May. Nost0c spp., Oscillatoria spp. and Anabaena 
inaequalis were the most common cyanophytes in the marginal zone. The 
central zone supported significantly less cyanophytes than the marginal 
zone, with population densities of between 0- 85 individuals mm 
showing no seasonal pattern. The aerial zone was only colonised by 
cyanophytes between September and April with a population maximum in 
January of 40'ind-4. - 
I viduals mm -2. The population densities of cyanophytes 
on the axial organs were conziderably greater than those produced on v 
the foliar organs in the period August to January. Penks of abundance 
in August ('720 individuals mm -2 on the -4tstcx-V z"One, 680 individuals 
mm -2 on the zone) consisted mainly of Oscillatoria sp. indet. I. 
The January peak of abundance (. '380 individuals mm -2 on the proximal 
ý2 -2 zone, 190 individuals mm on the distal zone and 105 individuals rm 
on the terminal zone) corresponded with the seasonal maximum of 
Oscillatoria sp. indet. 2, The terminal zone was only colonised by 
ý 68 - 
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FIGURE I. II 
Venn diagram to illustrate distribution of ppiphytic algal taxa in the 
phyllosphere of Lemna minor 
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Figures 1.14 and 1.15 provide data on the population densities 
.0 of chlorophytes on the axial and foliar organs of Lemna minor. Chloro- 
phytes showed two peaks. of abundance on the foliar organs. The first 
peak occurred in June when densities of 165 individuals mm ý2 and 84 
individuals mm -2 occurred on the marginal and central zones respectively, 
Endoclonium polynorphum, Oedogonium sp. indet. and Protoderma viride 
were the commonest taxa at this time. Between July and February, 
chlorophytes were not numerous on the foliar organs$ with population 
densitieo of less than 25 individuals mm ý2 eing found. in March 
another seasonal maximum of chlorophytes developed, when the densities 
on the marginal and central zones were 305 and 124 individuals mmý2 f 
Stigeocloneum farctum,, Ulvella freSLuens. A-phanochae-te repens and 
Horm,: tdium. sp. wo-sre common members of the chlorophycean community 'then. 
0 
, 2,,,, c, -ý-, nc) ýn -ýio !jm, Avq, ý ý7-r nhlorophytes on the axial organs occurred in 
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ý2 June, when the population densities of 634 individuals mm and 417 
-2 individuals mm developed on the proximal and distal zones, Endo. 
clonium POlymorphum was the most abundant chlorophyte on the axial 
organs in June. Densities of chlorophytes on the axial organs for the 
rest of the year were considerably less than in June, fluctuating 
-2 ý2 around !0 individuals mm p and ranging up to 140 individuals mm 0 
The terminal zone was only colonised by chlorophytes between October 
-2 and April, when chlorophycean densities were only I-5 individuals mm 0 
Figure 1.16 shows that the population densities of diatoms On 
the foliar organs remained low for most of the year (between May and 
-2 December) when less than 30 cells mm were present on the marginal and 
central zones. In May and Junes population densities reached very low 
-2 values of less than 5 cells mm . However, between January and March a 
spring increase in diatom numbers occurred. Seasonal maxima of 240 
cells mm-2 on the marginal zone, 224 cells mm-2 on the central zone and 
96 cells mm-2 on the aerial zone developed in April. *A similar pattern 
was found in the seasonal periodicity of diatoms on the axial organs as 
shown in Figure I. N. Diatom densities between 0- 50 cells mm -2 were 
established on the proximal and distal zones between May and November 
with seasonal minima in May and June. However, a peak of diatom 
production occurred on the aydal organs in spring. In March, population 
-2 -2 -2 densities of 174 cells mm , 152 cells mm and 13 cells mm developed 
on the proximal, distal and terminal zones respectively. Cocconeis 
placentulas Achnanthes minutissima and Gomphonema acuminatum were the 
most abundant members Of the spring diatom increase on both axial and 
f oliar organs. 
The significance of the differences between the average population 
densities of epiphytic algae estimated in the six different zones were 
found by means of a two way analysis of variance, Values of F9 the 
variance ratio (between treatment mean square over residual mean square), 
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were calculated for logari thmic ally transformed population density 
data. The significance of the calculated values are given in Table 1.9. 
With only two exceptions, the differences between the average values 
were statistically significant, The differences were most significant 
(p less than 0.05) di-, ring the period December to April. During 4. -he 
period May to November, the differences were less significant (p greater 
than 0.05). The full data from which this analysis was derived is given in 
Appendix 3. 
TABLE 1.9 
Significance of the differences between the average population densities 
of epiphyton in the six zones in the phyllosphere of Lemna minor (values of P', 
MONTH DIATOMS CHLOROPHYTES CYANOPHYTES 
m 0.20 0.01 0.20 
ns 0.05 0.20 
0.05 0.05 0.01 
A 0.001 ns 0.20 
s 0.01 0.001 0.20 
0 0.20 0.01 0.20 
N 0.05 0,20 0.05 
D 0.001 0.05 0.001 
1 0.001 0.001 0.05 
F 0.001 0.001 0.001 
m 0.001 0.01 0.001 
A 0.001 0.01 0.001 
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FTGURF, j'jI2 Seasonal changes in population densities of cyanophytes 
on the foliar organs of Lemna minor in Westfield ponds 
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FIGURý-IL113Seasonal changes in population densities of cyanophytes 
on the axial orEans of Lemna minor in Westfield ponds 
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FTGURP,, 
_L. 
ljSeasona1 changes in the population densities of chlorophy-tes 
on the foliar organs of Lemna minor in Westfield ponds 
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FIGURE-1--l-5-Seasonal changes in the population densities of chloro- 
phytes on the axial organs of Lemna minor in Westfield ponds 
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PIGURB 1.16 Seasonal changes in the population densities of diatoms. 
on the foliar org, -3ns of Iemna minor in Westfield ponds 
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FIGUREýL. IlSeasonal changes in the population densities of diatoms 
on the axial organs of Le-mna minor in Westfield ponds 
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DISCUSSION 
Seasonal cbanges in the standing crop of floating fronds of 
Lemna minor in Westfield ponds can be summarised in terms of three 
distinct and successive phases: 
I 
phase in spring and early summer, 
(i) a rapid vegetative multiplication 
(ii) a cessation of multiplication 
in summer followed by a decline in standing crop during autumn,, and 
(iii) a phase of se-rLescence during winter and early spring in which the 
fronds existed as dormant turions. 
I Me initial inoculum of fronds for the rapid vegetative multi- 
plication phase was derived from the rejuvenation of the dormant 
turions. It is unlikely that growth was initiated from seed germination 
because Lemna minor rarely flowers under natural conditions in the U. K. 
(Hillman, 1961), 
The increase in frond standing crop during the spring and su=er 
was correlated with water temperature. Positive correlations between 
frond multiplication rate and temperature have also been recorded in 
laboratory cultures of Lemna minor under artificial light (Ashby and 
Oxley, 1935, cited by Hillman, 1961; Landolt- 1957) and under natural IL. 
light. conditions (Hogson, 1970). 
Clark (I925)j Ashby (1929) and Landolt (1957) found that the 
multiplication rate of Lemna minor in cultures increased with increasing 
daily duration of light and reached maximum under continuous illumination. 
It is therefore probable that increased daylength and solar irradiation 
during late spring and summer promoted the rapid growth phase (although 
ambient light intensities were not estimated). 
During the rapid growth phases the aqueous concentrations of 
nitrogen and phosphorus declined; presumably as a direct result Of 
consumption of these nutrients during the growth of Lemna minorl other 
macrophytes and algae. A similar close relationship between the - 
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the development of duckweeds and the decline in aqueous nitrogen and 
phosphorus concentrations was reported by Dvorka (1973) , cited by 
Rejmankova (I975), in a Pannonian fishpond. 
A reduction in foliar organ area and axial organ length was 
recorded during the decline phase of the Lemna populationg but during 
the rapid growth phase the f oliar organ areca and the axial organ 
lengths were the greatest. Foliar organ area and axial organ length 
were negatively correlated with nitrate-nitrogen concentrations, such 
that the largest f oliar and axial organs were produced in May and June (D 
when nittrate-nitrogen concentrations in the pond water were at a 
minimum. Similarly, other investigators have found that limiting 
nitrate-nitrogen concentrations tended to increase axial and foliar 
organ size in cultured Lemna minor. Large axial and foliar organs are 
apparently indicative of high carbon assimilation and low nitrate- 
nitrogen assimilation (Hillmang 1961). The a3ftal organ length was 
reduced in autumn and winter partly because of the increase in nitrate- 
nitrogen concentration and partly because the axial organ terminal 
caps became detached. The foliar organ area was reduced in autumn and 
winter partly because of the increase in nitrate-nitrogen concentration 
and partly because the fronds were senescent and the production of 
daughter fronds had ceased* During autumn and winter the multipli- 
cation rate of the fronds ffae presumably limited by the low temperatures 
and light intensities prevalent at that time of year. 
Anoydc or deoxygenated conditions were produced in tha surface 
waters of the pond during July and Augast, when the pond was completely 
covered in a dense mat of fronds. Deoxygenation below mate of floating 
macrophytes has been reported elsewhere (Lewis and Bender, 1961; 
Ultsch, 1973; Dale and Gillespies 1973; Attionu, 1976; Morris and 
Barkers J977). Morris and Barker (1977) measured oxygen diffusion 
through mats of Lemna minor and the oxygen concentrations within and 
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below the mats. In all ponds where one hundred percent cover of fronds 
had developed, the water below the fronds was completely devoid of 
oxygen. Depletion of oxygen occurred because the oxygen transport 
rate through the mats was insufficient to replenish the oxygen demands 
of the water$ and, because photosynthesis of the fronds did not contribute 
to the aqueous dissolved oxygen concentrations. Presumably these 
mechanisms were responsible for the deoxygenated conditions produced 
in the Westfield pond investigated. 
After August a decline in the density of Lemna minor was recorded, 
and between November and January the frond biomass was reduced consider- 
ably. The decline phase was probably correlated with low light intens- 
ities and temperatures which limited frond multiplication rate, and with 
intermittent ice cover of the pond. It was. noticed that after a 
period of ice cover, many fronds had sunk to the bottom of the pond, 
Hillman (196j) also considered 1. -hat 2L-ond sinkage after ice c. over caused 
substantial reductions in the floating standing crop of duchweeds in 
temperate waters. 'ReduCtion in dry weight of individual fronds was 
probably due to microbial decay and respiration losses (Laube and 
Wohler, J973; Douglas-Hunter, J976), 
During autumn and winter a replenishment of dissolved oxygen, 
nitrogen and phosphorus occurred in the pond water, Dissolved ox7gen 
concentrations increased in response to the lowering of water temperaturey 
which would cause an increase in the percentage saturation, and in 
response to the loss of the macrophytic diffusion barrier at the air- 
water interface. Concentrations of silicate, nitrate-nitrogen, ammonium- 
nitrogen and orthophosphate-phosphorus probably increased as a result of 
decomposition, mineralisation and recycling of organic matter from 
both autodLthonous (algal and macrophytic) and allochUxonous (terrestial 
plal-It) sources. Dvorkcx-(IL973) cited by Rejmankova (1975) similarly 
found that replenishment of nitrogen and phosphorus in a Pannonian fish 
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pond clorresponded with the dying of f and decay of duckvieeds. 
There was a very marked seasonal succession in the epiphyton on 
the surfaces of Lemna minor in Westfield ponds. The seasonal pattern 
can be summarised in terms of three distinct and successional phases; 
(i) a phase numerically dominated by diatoms and chlorophytes in early 
spring, coincident with the rejuvenation of the Lemna turions, (ii) a 
phase numerically dominated by chlorophytes during the late spring and 
early summer,, coincident with the rapid vegetative multiplication rate 
of the Lemna frondss and (iii) a phase numerically dominated by cyano- 
phytes during the late surmer and autumn, and coincident with the 
decline and senescent - phases of the Lemna population, 
The presence of a dramatic increase in diatom production during 
the spring agrees with the resu'Alts of several studies of periphyton 
periodicity in lentic and lotic freshwater ecosystems (Godwards 1937; 
Patrick, 1948; Flint, 1950; Castenholtz, 1960; Stockner and Armstrone, 
1963). There are a great many physiographic, conditions which provide 
suitable habitats for diatomss and the reason why a certain habitat 
supports a certain diatom community is that it provides a balance 
between environmental factors which make possible that particular type 
of diatom grow. th (Patrickl 1948). It is therefore assumed that the 
spring increase in the abundance and taxonomic diversity of diatoms in 
the epiphyton on Lemna minor was a result of substratums light intensity, 
pH. temperature and nutrient requirements being opitimum for diatom 
growth, The density of the epiphytic diatoms vw: 3s positively correlated 
with aqueous silicate, phosphorus and nitrogen concentrations) and 
negatively, correlated with pHjj temperature and the standing crop of 
Lenna minor in Westfield ponds, The spring diatom increase occurred 
at a time when nutrient concentrations were relatively highs and when pH 
and temperature valuess and frond density were relatively 
low compared 
with summer and autumn. 
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Cocconcis placentula and Achnanthes minutissima were the most 
abundant members of the spring diatom community. Cocconets 
-placentula 
occurred throughout the year, but exhibited a population maximum in 
the spring. Achnanthes minutissima was only found during the autumn, 
winter and spring. Cocconeis placentula is a cosmopolitan diatom 
(Hustedt, J9.218) and is most commonly found in the periphyton of 
eutrophic calcareous waters (Round, 1959; HicImang 1975; Hickman and 
Klarer, 1974). Godward (1937) found that in Windermere, Cocconeis 
was present in the periphtyon throughout the year, but produced a 
population maximum during December. Hickman and Klarer (1974) and 
Tippet (1970) suggested that light intensity and duration was a most 
important factor affecting the seasonal periodicity of Cocconeis 
because the largest populations tended to occur when incident light 
intensities viere low, Temperature also influences the seasonal 
abundance of Cocconels. Fdckman and Klarer (J974) found that whilst 
this diatom could grow at a range of temperatures between 10C and 29 
0 
the largest populations occurred at the lower end of the temperature 
range. This information suggests that the spring increase in the 
density of Cocconeis placentula on the surface3 of Lemna minor in 
Westfield ponds was mainly due to the prevailing climatic conditions, 
Achnanthes minutissima is another cosmopolitan diatom, which is 
relatively indifferent to pH, and is tolerant of a wide range of 
nutrient conditions (Hickman, 1975). It is a common epiphytic alga 
in 
1,11indermereo especially on the upper regions of macrophyte shoots 
(Godward, 1937), and was abundant on glass slides in Canadian lakes 
(Stockner and Armstron, -:, ) J963). Hickman and 
Klarer (J974) found that 
this diatom was most common when the water temperature was below 50 
C 
and dissolved oxygen concentrations approached 
10 lo saturation. 00 
Venkateswarlu (1969) similarly reported that A.. sninL,., bss;, rmQ. showed a 
preference for low water 
temperatures and high dissolved oxygen 
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concentrations, Cholnoky U968) emphasised that Achnanthes minutissima 
preferred high dissolved oxygen concentrations, and developed schemes 
by which the reoxygenation of water polluted by organic matter could 
be judged by increases in the abundance of this diatom. This inform. 
ation suggests that the increase in the production of Achnanthes 
minutissima in the epiphyton on Lemna minor in Westfield ponds could 
be related to the temperature and dissolved oxygen concentrations. 
The disappearance of this taxon during the summer was correlated with 
an increase in the ambient - temperature, and a decrease in dissolved 
oxygen concentration caused by the growth of the dense duck-weed mat. 
Other epiphytic diatoms which were abundant only during the spring were 
Cymbella ventricosa, Epithemia turaida,, Goinphonema acuminatum, Achnanthes 
lanceolata, Achnanthes hungarica and Amphora ovalis. Little information 
is available in the 'literature on the specific environmental requirements 
of these diatoms, but it is assumed that their growth was favoured by 
the climatic conditions in the spring because they were rare or absent 
for the rest of the year. High temperatures and low oxygen concentrations 
probably limited diatom growth during summer. Many diatom species are 
not tolerant of high light intensties and temperatures (Patrick$ 1948) 
and temperature appears to be an important factor to which the seasonal 
yj J977). periodicit of many diatoms can be related (Patrick2 T9690 
Baylen and Brock (cited by Brook, 1975) suggested that the reason why 
epiphytic diatoms were numerous at a time of year when the macrophytes 
were dormant was because the diatoms were the only organisms which were 
tolerant of the prevailing lmv tempera4vuresl and possibly the low light 
intensiti,:,, s-, The absence of grazing pressure in winter may also enhance 
diatom production. 
Whilst the seasonal periodicity of diatoms in Westfield ponds 
must undoubtedly be related to climatic conditions, other 
factors must 
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also be taken into consideration. The reduction in diatom numbers during 
May was correlated with a reduction in the aqueous concentrations of 
silicaIttleg nitrogen and phosphorus. Silicate concentrations fell bel-oly 
0,5 mg dm -3 in May and June, when diatom numbers were at a minimum. 
The ambient silicate concentrations at this time may have limited 
diatom growth. The relationship between planktonic diatoms and silicate 
is well known (Lund, 1950; Kilhamg 1971). Tabellaria for example will 
not develop large populations unless silicate concentrations exceed 
0.5 mg dm. -3 , and many diatoms require more than this amount, The 
relationship between epiphytic diatoms and silicate concentrations is 
however more complex, because interactions between the diatoms and their 
macrophytic substrate must be considered. Jorgensen (1957) found that 
epiphytic diatoms were numerous on the shoots of Phragmites in a 
European lake when silicate concentrations limited the growth of 
planktonic diatoms. Jorgensen demonstrated that silicate leached out 
from Phragmites shoots, and suggested that the leachate provided the 
epiphytic diatoms with a silicate supply which was not available to the 
plank-tonic diatoms. Moore (I977a) found that epiphytic diatoms were 
abundant on the leaves of Potomageton at extremely low silicate 
concentrations. in a sub-arctic streams and similarly, Chudbya (1968) and 
Moore (J976) f ound that in eutrophic streams the epiphytic diatom 
communities remained relatively stable compared with the epilithic 
co=unities desDite wide variations in silicate concentrations. To 
explain these phenomena it has been suggested that certain macrophytes 
provide a favourable substratum for the growth of epiphytic diatoms by 
the production of extracellular substances which enhance the uptake of 
silicate and other inorganic nutrients at low concentrations (McCombie 
19,53). Howevers diatom populations did not remain constant on Lemna minor 
in Vlestfield ponds, suggesting that nutritional interaction between the 
diatoms and the macrophytes were not important in controlling the 
seasonal periodicities. 
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Another factor to be taken into consideration is that the 
reduction in diatom numbers was correlated with the rapid vegetative 
multiplication phase of the fronds. Godward (1934) noted that epiphytic 
diatoms were not numerous on growing fronds of Lemna minor) or on the 
shoots of actively growing macrophytes in general. It is possible that 
the topography of growing fronds was unsuitable for diatom attachments 
or that the fronds secreted substances which inhibited diatom production, 
The surfaces of the foliar organs of growing fronds of Lemna minor 
are highly cutinised to prevent water loss (Hillman, 1961),, and during 
the rapid multiplication phase the fronds became nitrogen limitedl as 
demonstrated by the increase in the length of the axial organs. When 
aquatic macrophytes are nitrogen limited, the epidermal cell walls 
become fragile and mucilaginous (Fitzgerald, 1968; 1969). It is 
possible that the cutinized and mucilaginous external surfaces of 
Lemna minor during the rapid multipl . 1ation phase were unsuitable for Ic 
diatom attachment. Bowker (1973; unpubl. ) and others (Smith, J933; 
Fitzgerald, 1969; Round, 1973) noted that filamentous green algael for 
exan. ple,, members of the Zygnemales, which produced dense amounts of 
mucilage on thbir surfaces were rarely colonised by epiphytic diatoms. 
On the other handj filaments of Cladopheras_ which do not possess 
mucilaginous surfaces$ are at times very densely populated with 
epiphytic diatoms (Whitton, 1970). Brock (1966) noted that many macro. 
phytic Phaeophyta produce copious amounts of surface mucilage, and 
rarely possess a dense epiphyton; whilst macrophyte Rhodophyta do not 
produce mucilage and are frequently colonised by epiphytic algae. It %P 
could therefore be suggested that the reduction of epiphytic diatoms on 
the surfaces of Lemna minor during summer was partly due to the 
difficulty of diatom attachment to the actively growing cutinised or 
mucilaginous surfaces. 
In addition to the spring increase in diatom numbers in temperate 
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freshwater ecosystems, many investigators have found a second seasonal 
maxima of diatoms during the autumn (Godwards 1937; Patricks 1948; 
Flint,, 1950; Castenholtz, 1960; Stockner and Armstrongs 1963), An 
au'%'Iumn maximum was not found in the epiphytic diatom communities on 
Lemna minor in Westfield ponds despite the prevalence of favourable 
conditions. for diatom growth, including declining temperatures-and 
day length, abundance of aqueous nutrients and reoxygenation of water. 
However, during the autumn, the fronds were densely colonised by 
filamentous cyanophytes, and it is possible that an autumn diatom 
maximum could not occur because of the limited number of free attach. 
ment sites available on the fronds. A second possibility is that there 
was an insufficient taxonomic pool of diatoms in the autumn to br-ing 
about a seasonal maximum. Patrick (1977) reported that diatom colonis- 
ation on artificial substrata was to a large extent governed by campet- 
ition. for available attachment sites and by the magnitude of the 
diatom Pool available for colonisation, which would appear to substan. 
tiate that hypothesis, 
The presence of an increase in the density of chlorophytes in 
Westfield ponds during spring and early summer agrees with the results 
of several investigations of periphyton periodicity in temperate waters 
(Abdin, 1950; Godward, 1934; 1937; Flint, 1950), Ificrothamnion 
kutzinCianum, Gongropira sp. and Uivella freguens were dominant members 
of the -early spring chlorophycean epiphytor, on Lemma minor to be 
succeeded by Sti eocloneum farctumt Oedogonium sp. t Aphanochapte repens, 
Endoclonium polymorphum and various unicellular and colonial algae 
during early summer. Godward (1934) noted Microtharianions GonGrosira, 
and Ulvella in the epiphyton in small English ponds during early spring 
and correlated their appearance with low water temperatures. However., 
Ulvella frequens is common throughout the year in the periphyton of 
eutrophic rivers in a wide range of temperatures, where turbulence 
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ensures that dissolved Oxygen concentrations are not limiting (Blum, 1956). 
and Ulvella is considered to be a member of the riverine climax 
community, often associated with the diatoms Cocconeis and GoMEhonema 
(Iýynes, 1963). This information suggests that the appearance of 
Ulvella in the epiphyton in Westfield ponds may be correlated with the 
abundance of dissolved inorganic nutrients and oxygen found in spring, 
The abundance of Oodogonium sp. and Stigeocloneum farctum and 
other chlorophytes in the early summer epiphyton can probably be 
correlated with the ambient temperatures and light intensities. Godward 
(Ig34),, Abdin (1950) and Hic1man and Klarer (1974) also noted that 
periphytic chlorophytes showed definite summer phases and Tiffany (1957) 
reported that most Oedogonium'spp. reached maximal development in 
strong light, although some could tolerate a little shade. It is 
concluded that climatic conditions favoured the growth of epiphytic 
chlorop,, Wtes during spring and early surmer. In late summer$ when high 
temperatures and water deoxygenation occurred, conditions were not 
suitable for chlorophycean growth. Dissolved oxygen concentrations 
are important in controlling the abundance of chlorophytes. ; Vhit. Lord -P 
and Schumaker (1968) noted that many chlorophytes possessed a biological 
demand for oxygen because their respiratory rates were limited by low 
oxygen concentrations. "Nhitford and Schumaker (I96j) demonstrated that 
Oedýonium sp. required a water current over its surfaces to satisfy 
this demand by the creation of a steep diffusion gradient external to 
the cells. It therefore appears that deoxygenation as a result of the I 
growth of the dense Lemna. mat may have limited chlorophycaen growth. 
When dissolved oxygen concentrations increased during the autumn, a 
second maximum of chlo. rophyteswap not observed, possibly for the 
reasons given to explain the absence of a second maximum of diatoms, 
i. e. competition for attachment sites with the dense cyanophycean 
epiphytic groviths and the magnitude of the chlorophycean pool of 
potential colonisers, 
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During the deoxygenation phase in summer, cyanophytes produced 
dense epiphytic communities on the surfaces of Lemna minor. Oscillatoria - 
spp. and Nostoc spp, produced far greater population densities on the 
macrophytic surfaces thah any other epiphytic algae, 
The abundance of these cyanophytes can be directly correlated 
with the anoxic conditions. There are several reports that Cscillatoria 
spp. are able to thrive in waters where other algae cannot survives 
especially in stagnant putrescent ponds and sewage lagoons with a high 
biological oxygen demand (Fjerdingstag, 1964). Lund (1942) noted that 
Oscillatoria spp. were abundant on the sediments of English ponds 
during summer when the water showed high organic content and stagnation. 
The abundance of Oscillatoria spp. during a period when the Westfield 
pond was stagnant and deoxygenated is therefore characteristic of the 
genus, 
The abundance of cyanophytes during the summer can also be 
correlated with the high relative water temperhatures. Many authors 
have found that cyanophytes are abundant in the periphyton of warm 
eutrophic freshwater habitats. Dor (1974) found that periods of high 
temperatures viere most favourable for periphytic cyanophyte production 
in Lake Kinnerets Israel, but cold climates enhanced benthic diatom 
production. Ross (1955) and Bowker and Denny (1978) found that cyano- 
phycean representatives were numerous in the periphyton of warm tropical 
East African lakes. Abdin (1950) showed that cyanophytes were most 
numerous on glass slides in Aswan reservoir during warm water 
temperat- 
ures in summer. Whitford and Schumaker 
(1968) found that many cyaaio- 
phytes were tolerant of high temperatures compared with 
diatonis and 
chlorophytes, Consequently, the water temperature in addition 
to the 
dissolved oxygen concentration must be considered an important controlling 
factor in the seasonal periodicity of epiphytic cyanophytes in Westfield 
ponds. 
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In general$ cyanophytes seem to be more adaptable to temperature 
changes and environmental extremes than do chlorophytes and diatoms, 
(Marriýe, 1962). Many cyanophytes, such as Oscillatoria spp. and Nostoc 
spp, can grow under ecologically near-anaerobic conditionag hence they 
can develop thick mats, and can live at higher temperatures than other 
algal groups (Carr and Whitton, 1973). Consequently cyanophytes became 
dominant members of the epiphyton on LeTnna minor when environmental 
conditions were unsuitable for chlorophytes and diatoms. 
The large numbers of cyanophytes which developed on the surfaces 
of Lemna minor suggest that the habitat was extremely favourable for 
cyanophyte production. The success of the blue-green algae may have 
been partly due to heterotrophic utilisation of certain organic 
compounds excreted from the fronds. A large number of algae are hetero- 
trophic, i. e. they can grow by uptake of exogenous substances which are 
readily convertible to glucose-6-phosphate, deriving energy from the 
pentose-phosphate pathway in the absence of light (Danforth, 1962). 
This phenomenon is especially prevalent among blue-green algae (Stanier, 
J973). Evidence for heterotrophic growth of freshwater algae suggests 
that photo-assimilation of inorganic carbon is the dominant activity, 
but supplementation of photosynthesis by heterotrophy is possible under 
certain conditions (Wetzel, 1975), It is possible that the conditions 
-he Lemna mat were suitable for heterotrophic utilisation provided beneath 11 
of macrophytic extracellular products by epiphytic cyanophytes. 
Similarly, Guseva and Coucharova (I965o) f ound that Myriophyllum spicatum 
favoured the presence of epiphytic cyanophytes in preference to chloro- 
phytes and diatoms possibly because of successful competition of 
cyanophytes with other algal groups by heterotrophic assimilation of 
excreted organic*compounds. 
The epiphyton on Lemna minor -over the course of a year adapted to 
environmental changes by changing its taxonomic composition so that 
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hOmeostatis was maintained despite large fluctuations in physico. 
chemical conditions. A framework or backbone of algal taxa occurred 
throughout the year, whilst certain taxa became numerous when the 
specific conditions which favoured their growth appeared. Many of the 
epiphytic algal taxa can therefore be considered as opportunists, 
Twenty taxa, from a total complement of 56 taxa found in 
the epiphyton on Lemna minors became attached to all the available types 
of macrophytic surface, i. e. the aerial, central, marginal, proximal, 
distal, and terminal zones in the phyllosphere of the fronds, It is 
assumed that these taxa showed no preference as to the type of substratum 
they colonised, However, some taxa were not found on the cap and aerial 
zones. * some were restricted to the central and marginal zones, others 
to the distal and proximal zones, and differences were noted between 
the taxonomic composition of epiphyton on immature fronds, mature fronds 
and senescent turions. The reasons for this niche specificity are 
obscure and have not been discussed in detail elsewhere. Round (1973) 
reported that a diatom association consisting of Cocconeis and Achnanthes 
was found on the undersides of the foliar organs of Lemna minor, whilst 
the axial organs were colonised by Eun tia. This distribu-111ion pattern 
was not found in the present investigation. Cocconeis placentula and 
Achnanthes spp. were eurytopically distributed on both axial and foliar 
organs. Willer (1923) f ound that Cocconeis placentula was most abundant 
on the young leaves of Elodea and least abundant on old dying or dead 
leaves. It was suggested that Cocconeis was motile and could migrate 
from old leaves to young leaves. Willer's suggestion is not consistent 
with the results of this investigatioh because Cocconeis was most 
abundant on the axial and foliar organs of dead, senescent or rejuven- 
ating fronds during the spring, and was absent from or present in very 
small numbers on living and actively growing mature mother fronds and 
immature daughter fronds during summer. Godward (1934) studied some of 
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the factors which influenced the distribution of chlorophytess especially 
members of the order Chaetophorales on macrophytic surfaces. The 
abundance of genera such as Stigeocloneum on the marginal edges of leaves 
of Elodea was considered to be due to the light shading effect of the 
leaves. The zoospores of Stigeocloneum were found to settle down on the 
I 
most well illuminated areas of macrophyte shoots, ar-a more zoospores 
settled on green painted glass slides than on black painted glass slides. 
It is possible that the zoospores, which are motile and flagellated, are 
phototactic, and therefore attracted to illuminated areas. The chloro- 
phytes Stigeocloneum farctum, Aphanochaete repens, Chaetosphae idium 
globosum, Oedogonium sp I Gonarosira sp. j Coleochaete scutata, Proto- 
derma viride, Microthamnion kutzin ianum and Hormidium sp. were restricted 
in distribution to the undersides of '%-, he f ol. l. ar organs of Lemna minor in 
Westfield pondsq and were most abundant in the marginal zones. This 
distribution pattern could be a result. of the selective attachment of 
the zoospores onto the better illuminated parts of the phyllosphere. 
Similarly, Castenholtz (J960) suggested that the abundance of chlorophtes 
on emergent substrata at air-water interfaces was due to phototaxis of 
motile zoospores, although the possibility of aero-taxis or chemotactic 
"I responses along a nutrient or extracel. Aular product gradient cannot be 
ruled out (Marshall, 1976). The selective attachment of the cyanophtes 
Nostoc sp, and Anabaena inaequalis onto the undersides of the foliar 
organs cannot be explained as a result of zoospore settlement because 
cyanophytes are not zoosporic algae. It is possible that the topography 
of the foliar organs was conducive to the attachment of these epiphytic 
cyanophytes. The heavily cutinised foliar organs offer a very smooth 
attachment surfaces consisting of closely interlocking epidermal cells. 
Cyanophytes whose morphological structure consists of a thallu, s dispersed 
within a dense mucilaginous matrix (such as Nostoc sp, and Anabaena 
I_is) may have become selectively attached to the smooth foliar inq2aua 
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organs in preference to the non-cutinised and irregular topography of 
the axial organs. On the other hand, cyanophytes which produced non. 
mucilaginous thalli consisting of basally attached filaments, such as 
Oscillatoria sp., Phormidium sp. and kn&hya sp, were the most abundant 
on the axial organs. Unhe corrugated swrfaces of the axial organs may 
have been a feature which was conducive to the basal attachment method 
of these cyanophytes. Brown (1976) similarly noted that the rough 
surfaces of the macrolphyte Eleocharis baldwinii were selectively 
colonised by filamentous and loosely adhering epiphytic algae, whilst 
smooth glass media were colonised by tightly adhering prostrate thallio 
Godward (1934) demonstrated that some algae, including epiphytic diatoms 
such as Cocconeis placentula and chlorcphytes such as Stigeocloneum spp. 
preferred to settle in scratches on smooth glass slides and wore most 
numerous in the depressions between adjacent macrophytic epidermal cells. 
It is apparent that the topography olf a macrophytic surface is a very 
important criterion which may be responsible for the niche specificity 
of certain epiphytic algae, and more intensive work on this aspeCt Of 
algal ecology would be profitable, 
The aerial zone of Lemna minor was only colonised during the 
autumn and winter and early spring months. During the summer the aerial 
zone was devoid of epiphytic algae. The cutinised upper epidermis$ and 
the atmospheric conditions were apparently unsuitable for epiphytic 
attachment and production during the rapid growth phase of the Lemna 
population. The aerial zone was only colonised when the fronds were 1. 
not growing, senescent or moribunds and when temperatures and light 
intensities were low compared with summer. The fronds bearing epiphytic 
algae on their aerial zones tended co be sunk slightly lower in the 
water than actively growing fronds not bearing aerial algae. The break. 
down of the cutinised epidermis, the loss of cell turgor and the 
accumulation of starch grains in senescent turions and dead fronds would 
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reduce their buQyancy and consequently the aerial zones of fronds in 
autumnq winter and early spring were partially submerged compared with 
the aerial zones of fronds in late spring and summer. These partially 
submerged conditions favoured the growth of several epiphytic algaeg 
but standing crops- produced on the aerial zones were usually slightly 
less than on the submerged zonesq because the former were subject to 
algal colonisation for a smaller time period than the latter. Similarly, 
Godward (1934) noted that the upper surfaces of floating aquatic 
macrophyte leaves such as Potomageton natans were not colonised during 
the growing season of the macrophyte, but when the macrophyte senesced 
and decayed, the upper surfaces became submerged and were then colonised 
by epiphyton. 
The terminal zones of Lemna minor were not colonised by epiphytic 
algae during the rapid vegetative mulltiplication phase, but supported 
algal growth during late summer, autumn,, winter and early spring when 
the fronds were not growing. During the rapid growth phase of the Lemna, 
population, the terminal zones consisted of conspicuous and swollen 
caps and basal sheaths which are the regions of meristematic activity 0 
which act as apical meristems. These regions of actively dividing cells 
were not colonised by epiphytic algae, nor were the regions in the 
foliar organs which produced the daughter fronds, Several investigators 
have noted that actively growing macrophytic tissues are rarely colonised 
by epiphytic algae (Willers 1923; Godwards 1934). Actively assimilating 
inacrophytic organs may not support a dense epiphytic algal community 
because of competition between the algae and the macrophytes for available 
nutrient sources. This competition may be intense during periods when 
aqueous concentrations of nitrogen in the bathing solution become 
limiting for algal grovith (Fitzgerald, 1969). In addition, the growing Cp 
zones could excrete toxic substances which inhibit epiphytic algal 
attachment and Crowth (Brock, 1966). These possibilities are discussed 
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greater detail in Part Two of this-thesis., 
Most of the members of the epiphyton on Lemna minor were 
obligately sessile forms which were morphologically adapted for relatively 
permanent attached existence. However, a few taxa; notably 
_ChlamydOmonas 
spo , Volvox sp. . Euglena sp. and Synura sp. were motile f lagellated algae 
which were noted amongst the epiphyton on the axial organs during early 
r, u=er. These motile forms were probably transient, visitors to the 
epiphyton from the phytoplankton of the pond, and they can be considered 
as part of the loose assemblage known as the metaphyton (Ropnd, 1973). 
Unattached filaments of Spirogyra nitida became tangled amongst the 
axial and f oliar organs of Lomna minor during spring. This chlorophyte 
produced floating mats on the pond amongst the Lemna fronds and cannot 
be considered a true member of the epiphyton, but it was unavoidably 
collected during sampling, 
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CONCLUDING MIARKS 
The investigations of the ecology of epiphytic algae in two 
distinct freshwater ecosystems prcvided information on algal communities 
which have previously not been examined. and generated hypotheses on the 
nature of interactions between epiphytic algae and macrophyteso 
It was established that under natural conditionss the epiphyton 
was quantitatively and qualitatively extremely sensitive to temporal 
and spatial changes in physiographic and chemical conditions cwased by 
climatic factors or macrophyte-controlled enviro=ental factors. 
In Part Two, the effects of macrophyte controlled environmental 
factors on the growth, photosynthesis, and nutrition of epiphytic 
algae are considered$ and the hypotheses generated from the field 
investigations are tested by means of studies or, cultivated populations 
of algae, bacteria and Lemna ninor in artificial ecosystems, 
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PART TWO 
INVESTIGATIONS OF ARTIFICIAL FRESHWATER ECOSYSTEMS 
- 
'93- 
CHAPTER 2.1 METHODS OF ISOLATION AND CULTIVATION OF. LEMNA MINOR, 
ALGAE AND BACTERIA IN THE LABORATORY 
INTRODUCTION 
Artificial eco--,,, Ystems in which selected organisms are grown in 
axenic (monoculture) or gnotobiotic (mixed culture) conditions have 
been widely employed to study the interactions between organisms 
(Salt, 1969), Although such simplified conditions never occur in 
nature., the application of axenic and gnotobiotic methods is essential 
to arrive at an understanding of the complex web of interactions which 
occur between organisms in natural ecosystems. As was shown in Part I 
of this thesis, in natural ecosystems too many interactions often occur 
simultaneously to provide clear cut quantitative data. In simplified 
artificial ecosystems containing one to a few known organisms it is 
possible to measure the interacting factors under controlled environ- 
ments and therefore the interpretation of results is easier, However, 
there are major drawbacks to the investigation of artificial ecosystemsq 
in that it may be very difficult to apply the data provided into an 
understanding of the more complex natural situation. The techniques 
and applications of axenic and gnotobiotic cultures, and the limitations 
were reviewed by McCintire and Phinney (1965), Fogg (1965)9 Whittaker 
(1965). Hewitt (IO615)j, Cooke (11969), Taub (I969)p Salt (I969), j Kroes 
%1971) and Hales, Lindsey and 
Hameed (1973). 
In the present workv Lemna minor was grown in axenic and gnoto- 
biotic conditions. Lemna minor was selected in preference to other 
macrophytes because its small sizel reduced morphological complexityp 
and property of rapid vegetative multiplication in vessels containing 
a small volume of medium facilitated gnotobiotic cultures in association 
with algae and bacteria. The use of Lemna minor was convenient because 
it enabled a direct comparison of results obtained from the natural 
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ecosystems (considered in Part One) with the results from artificial 
ecosystems. 
Previous studies of. Lemna. minor in laboratory cultures are very 
numerous, but most have employed only axenic plants because of the 
difficulty of differentiating between plant and microbial activities in 
non-axenic qultures (Hillmans 1961). Thus, there i. -P little previous 
information on the cultivation of Lemna minor in association with algae 
and bacteria. In this chapter the methods which were developed to 
isolate and cultivate Lemna minor and epiphytic algae and bacteria are 
described. 
CULTURE METHODS 
Culture Vessels 
Vessels employed for liquid cultures of Lemna minor and algae 
included 150mm x 25mm boiling tubes, 250cm 
3 
and I00cm 
3 
conical flasks, 
I. Odm 
3 
Gallenkamp conical culture flasksg and 30cm 
3 
McCartney bottles. 
All vessels employed were made of Pyrex glass. To prevent chemical 
contamination of medias all glassware used for cultures was first 
scrubbed in a solution of surface active detergent, (Teepol)l soaked 
in concentrated nitric acidg rinsed in tap water and distilled water, 
and oven dried before use. Vessels which had been in contact with 
radioactive isotopes were soaked overnight in 2% decon solution before 
cleaning*and drying, With the exception of the McCartney bottles, 
which were fitted with neoprene sealed screw-tops, the mouths of all 
culture vessels were plugged with non-absorbent cotton wool, and 
loosely covered with aluminium foil. Sterile gaseous interchange 
through the cotton wool was allowed, but no facilities were made for 
routine aeration of media. 
All glassware which came into contact with culture media were 
ster-ilized by autoclaving for at least 30 minutes at a temperature of 
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0 -2 121 C and a pressure of 1.2 kg cm 
Culture media 
Media employed to support growth of Lemna minor and algae were 
prepared from pre-mixed stock solutions or by weighing the required 
amount of solid and adding them to known volumes of single glass 
distilled water. All chemicals employed were analytical grade supplied 
by B, D. H. Ltd,, unless otherwise stated below, 
Media of predominantly inorganic compoAsition were routinely 
s erl ized by autoclaving for about 15 minutes at a tomporature of 
121 0C and a pressure of 1.2 kg cm-20 Organically supplemented media 
were autoclaved for only about 10 minutes to prevent decomposition, 
To prevent precipitation of polyvalent cations (e. g. calcium and 
magnesium), orthophosphate components were autoclaved separately and 
appropriate amounts added aseptically to media after cooling. 
Solidified media were prepared by dispersing solid agar agar at a 
concentration 0., &P 201 w: v into liquid media at a temperature of about 470 
80 0 C. The hot liquid was dispensed into 150mm x 25mm boiling tubes, 
autoclaved and allowed to gel on an incline to provide agar slopes$ or 
poured into sterile plastic petri-dishes (Sterilin Ltd. ) to provide 
agar plates, 
The pH of liquid media was adjusted to a value of 6.8 before auto. 
claving by dropwise addition of appropriate amounts of 0.1 M sodium 
hyd roxide or 0.1 M hydrochloric acid, After autoclaVing and cooling, 
the pH was readjusted aseptically to 6.8 if necessary* 
Various liquid and solid media have been developed to support 
axenic growth of fronds of Lemnaceae in culture (Gorham, 1945; 1950; 
Landolt 1957; McLayq 1976). In the present work, axenic cultures of 
Lemna minor were grown on media modified from those recommended by Dr* 
A. p. Sims (perso Comm., J975). These media were not found suitable for 
maintaining growth of gnotobiotic cultures of Lemna minor,, and algae. 
- %A (3 . 
TABLE 2.1 CONSTITUENTS OF CULTURE MEDIA 
Substance Medium I Medium 2 Medium A Medium B Medium C 
KCI 100 1,5 3.0 1,5 
Ca(NO 3)2* 4H 20 40.0 32.8 
++ 65,6 32,8 
K2 HPO 4 10.0 
+ 174.0 J74,0 348.0 174,0 
MgSO 
4,7H 20 
25., 0 24,6 24,6 49.2 24,, 6 
Na 2 
CO 3 20.0 
Na 
2 
Sio 3 25*0 
CaC1 
2* 
2H 20 
27.5 
NaCl 49.0 
KNO 3 
10110 
sucrose 
++++ 100.0 1000 2000 100 
casein hydrolysate 500 1000 
Oxoid yeast extract 
+++ 300 300 600 
Soil extract . 
1; E I00 
Trace element soln 
I. I. 0 I. 0 1.0 2.0 1.0 
Agar agar 2000 
.; = All concentrations 
in mg dm. .3 except where otherwise stated 
I- I. 
= cm 
3 
dm -3 1 
'r . Ite; = Added after 12 days of growth in non-axenic cultures 
+ 
=*Increased up to 100 mg dm 
-3 in gnotobiotic cultures 
++ 
= Replaced by CaCl 2 
in nitrate-nitrogen deficient cultures 
+++ 
= Optional supplement 
++++ 
= In bapteria-free cultures only 
/ 
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TABLE 2.2 CONSTITUENTS OF TRACE ELEMENT STOCK SOLUTION 
mg dm -3 
moo 3 
170 
H3BO3 550 
EDTA (free acid) 2205 
ZnSO 
4 
30 
Mn. Cl 
2 . 
4H 
20 
180 
FeCl 3 
550 
cocl 
2 
6H 
20 
15 
cucl 
2 . 
6H 
202.5 
Na 
2 
sio 
3 
Ioo 
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Media described by Allen and Arnon (1955) and Chu (J942) were modified 
to support growth in gnotobiotic cultures. Tables 2.1 and 2.2 give 
details of the chemical constituents of the media. 
To prepare soil extract, about I00cm 
3 
of freshly collected 
garden loam was mixed with an equal volume of distilled water and about 
0.2g of solid calcium carbonate in a 250cm 
3 
conical flask and auto- 
claved for about I hour. After cooling the supernatant liquid was 
decanted off, filtered through Whatman GF/C filter discs using Buchner 
suction apparatus and the filtrate was stored in a refrigerator. - before 
use. 
To prepare the trace element stock solution, the solid 
E. D. T. A. MoO 3 and H3 BO 3 were suspended in about 500 cm 
3 
of distilled 
water on a hot plate at a temperature of about 70 
0 C. and sufficient 
. 880 ammonia was added to achieve solution. The other salts were added 
and dizsolved with agitation. Further distilled water and drops of 
. 880 ammonia were added to give Idm 
3 
of stock solution with a pH of 
6,8. The concentration of ammonia in the solution was about 2x 10-5 me 
The K2 HPO 4 stock solution was adjusted 
to pH 6.8 with drops of ortho- 
phosphoric acid. 
Medium I was modified from 'Chu No. 101 solution (Chu, 1942) 
and was employed to J. S olate and grow cultures of diatoms, Medium 2 was 
modified from 'Allen and Arnon's' solution (Allen and Arnon, 1955), and 
was employed to isolate and grow cultures of cyanophytes and chlorophytes, 
It was found necessary to supplement medium 2 with 3016 yeast extract to 
support growth of some filamentous chlor. ophytes. 
Medium A was employed to isolate Lemna minor from nature, 
Stock cultures of Lemna minor on solid agar slopes or plates were 
supported on medium Bp and medium C was employed for routine growth of 
Lemna minor in liquid stock cultures. Medium I, with a tenfold increase 
in K2 HPO 4 concentration was employed to support. growth of gnotobiotic 
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cultures of Lemna minor and diatoms. -Medium 2 was employed to support 
gnotobiotic cultures of Lemna minor, cyanophytes and chlorophytes. 
Buffers were not routinely employed in the media. Organic and 
inorganic buffers tend to cause reduced multiplication rate in Lemna 
minor and may be responsible for chlorosis of the foliar organs 
(McLay, 1976). 
Inoculation of culture media 
Media were inoculated with plant material after 24 hours from 
cooling. Sterile transfer of plant material into growth media was 
facilitated by the use of standard aseptic transfer techniques as 
described by Stein (J973), under a laminar flow sterile hood. A flamed 
nichrome wire loop was employed for manipulating Lemna fronds and for 
streaking algal and bacterial suspensions onto agar slopes or plates. 
Autoclaved Pasteur pipettes or graduated pipettes were employed for 
sterile transfer of algal suspensions between cultures, The biomass of 
algal in a known volume of . inoculum was determined by filtering an 
equivalent volume onto a pre-drieds-pre-weighed Whatman GF/C disc of 
diameter 25mm using Buchner suction apparatus and the dry weight of 
the algae was determined as described on p. 47 . 
Culture conditions 
Culture conditions were either 'undefined's i. e. on a shelf in the 
laboratory b6low a bank of Atlas white fluorescent, tubes at ambient 
laboratory temperatures, or IdefinedIp i. e. at known light intensities 
and temperatures in a Gallenkamp IH-287 cooled illuminated non-shaking 
incubator, Light intensities were estimated with an Evans Electroselen- 
Jum Ltd., photoelectric meter and temperatures were measured with a 
mercury in glass maximum-minimum thermometor, 
* or a Gallenkamp 111-490 illuminated orbital shaking incubator 
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ISOLATION METHODS 
Lemna minor 
To isolate fronds of Lemnacaq into axenic culture, a variety of 
methods are available, including those described by Saeger (1930)9 
Clark and Roller (I93I)q Steinburg (I94I)q Landolt (1957)9 Hillman (1961). 
and Hewitt (1966). The methods employed in the presint work were 
recommended' by Dr. A. P. Sims (pers. comm. J975), 
A sample of Lemna minor was collected from pond A in April 1975. 
The fronds were taken to the laboratory and immediately shaken in tap 
water to remove debris. Healthy living 
fA 
ronds were transferred to 
'undefined' culture conditions as a prerequisite to sterilization. Non. 
axenic growth of the fronds was allowed for 12 days in I00cm 
3 
aliquots 
of medium A minus the organic components in 250cm 
3 
conical flasks, 
After 12 days of acclimatisation to laboratory conditions; the in- 
organic medium was supplemented with organic carbon and nitrogen sources 
and vitamins. In three days bacterial and fungal growth in the medium C 
were heavy, and few-. 5 if any, resistant microbial spores would have 
remained ungerminated. During this period, ambient light intensities 
were 0- 7500 Lux and temperatures were 16 
0C- 22 0 co 
The fronds were sterilized by treatment with sodium hypochlorite 
solution. Five I00cm 
3 
aliquots of respectively 0.5%, 1.0%/ 2,0%, 3,0% 
and 5.0% v: v dilutions of tBench' sodium hypochlorite solution were 
placed in 250cm 
3 
Ehrienmeyer flasks. Batches of fronds selected from 
the non-axenic cultures were rinsed through sterile distilled water, 
and about thirty fronds transferred to each, flask of sodium hypo- 
chlorite solution. Each flask was shaken vigorously until the marginal 
edges of the foliar organs began to bleach. Immedýately, and at about 
0,5 min. intervals thereafter, until the fronds became completely 
bleached, single fronds were removed from the sodium hypochlorite 
solutions rinsed through I00cm 
3 
of sterile distilled water in a 250cm 
3 
3 
conical flask, and : L. noculated into 25 cm of medium A in 100mm x 25mm 
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boiling tubes. Medium A contained organic supplements to enable 
detection of microbial contamination if sterilization was unsuccessful, 
and to aid recovery of the fronds after the physiological shock of the 
treatment. 
The treated fronds were returned to the 'undefined' culture 
conditions. At daily intervals2 the cultures were observed for signs 
of frond recovery and growthq and for the cloudiness which denoted 
microbial contamination. After 10 days it was found that 4% of the 
total number of fronds treated with sodium hypochlorite solution were 
growing axenically. Immersion of fronds for 2-3 minutes in I- 2% 
hypochlorite solution was the most successful sterilization treatment. 
Each axenic frond was inoculated into 500cm 
3 
of sterile medium 
A in a Gallenkamp conical culture fl&qkand clonal axenic populations 
were developed by growth at a temperature of 20 
0C 
and a constant 
illumination of 12000 lux in a Gallenkamp IH-490 incubator shaking at 
50 rpm. 
lgae 
Methods for the isolation and cultivation of freshwater algae 
N 
from natural assemblages and techniques for the maintenance of their 
growth in artificial ecosystems in the laboratory have been well docum- 
ented (Steinj 1973), In generals the method usually employed is to 
inoculate natural algal assemblages into enrichment media containing 
an abundant supply of mineral nutrients and incubate the cultures at 
known light intensities and temperature. Algal taxa which grow in the 
enrichment cultures can then be isolated by appropriate techniques. 
In the present work, 26 algal taxa. which naturally existed on the 
surfaces of Lemna minor were grown in enrichment cultures, and 8 taxa 
were isolated into uni-algal culture. 
Between January and May 1975, fronds of Lemna minor were collected 
from pond A and transported to the laboratory, The fronds were 
m 10 2 -- 
inoculated into 50 cm 
3 
of medium I (with or without soil extract), or 
33 into 50 cm of medium 2 (with or without yeast extract) in 100 cm 
conical flasks, or onto agar plates containing 15 cm 
3 
of medium I or 2, 
The cultures were placed in both 'undefined' conditionsg at ambient 
laboratory temperatures of 14 - 28 
0 C, and light int6nsities of 0- 8000 
lux, and in 'defined' conditions, in a Gallenkamp IH-287 incubator 
at temperatures of 6-80C and a 12h light and 12h dark photoperiod with 
a light intensity of 1800 lux, 
After 20 - 27 days of incubation the cultures were examined, 
Epiphytic algae were observed in situ on the fronds as described on 
P. 4-3. Material which had grown on the sides of the glass vessols, or 
on the agar plates was scraped off with a metal scalpels placed onto 
glass slides and examined microscopically. Control cultures in which 
no Lemna minor fronds were added, and which were open to the atmos- 
phero, v. --re also prepared and algal growths examined. 
The numbers of algal taxa which grew in the liquid enrichment 
cultures are given in Table 2.3. The taxa which grew are listed in 
Tables 2,4 - 2,6, Table 2,7 lists the taxa which grew on agar plates. 
Unicellular chlorophytes of the order Chlorococcales, including 
Chlorococcum sp. and Oocystis are excluded from the tables because 
it was f ound that they grew in the control cultures in which no Lemna 
fronds were included, 
Individual taxa were isolated from the enrichment media as follows: - 
Within four days of incubation of culture No, M41 a green slime had 
developed on the sides of the glass vessel, which was particularly dense 
at the air-water interface, The slime was due to the release and 
settlement of chlorophycean zoospores as described by Reynolds (1949), 
After 20 days of incubation the cultures labelled MI to M8 contained 
immature thalli of Stigeocloneum sp,, The thalli consisted of well- 
developed parenchymatous prostrate discs, but the erect systems had not 
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Table 2.3 Numbers of algal taxa which grew in liquid enrichment 
cultures (excluding taxa which grew in control cultures). 
Culture 
Number Medium 
Temperature 
Max Min 
Cyanophytes 
LG 
Chlorophytes 
LG 
Diatoms 
LG 
JI 1 20 12 3 2 1 1 3 3 
J2 I+S 20 12 4 3 2 1 5 4 
J3 2 20 12 4 3 1 4 3 
J4 2+Y 20 12 3 3 3 1 4 2 
J5 1 8 6 3 2 1 1 4 3 
J6 J+S 8 6 3 3 2 1 6 5 
J7 2 8 6 2 2 1 1 5 1 
J8 2+Y 8 6 3 3 2 2 5 3 
FI 1 21 14 3 2 1 1 5 3 
F2 i+S 21 14 1 1 2 2 5 2 
F3 2 21 14 1 1 1 1 2 1 
F4 2+Y 21 J4 I I I 1 2 1 
F5 1 8 6 1 1 1 1 4 3 
F6 J+S 8 6 2 2 2 1 7 4 
F7 2 8 6 2 2 2 1 4 1 
F8 2+Y 8 6 3 3 2 1 5 2 
MI 1 22 14 5 4 2 1 4 3 
M2 J+S 22 14 4 3 2 1 5 4 
M3 2 22 14 4 3 2 1 4 3 
M4 2+Y 22 14 5 3 2 2 4 2 
M5 1 8 6 3 2 2 1 6 4 
M6 I4-S 8 6 4 3 4 2 9 4 
M7 2 8 6 2 2 3 1 5 3 
M8 2+Y 8 6 3 2 8 4 4 2 
MYI 1 26 15 4 2 3 3 3 1 
My2 J+S 26 15 5 4 5 3 3 2 
My3 2 26 15 6 3 4 4 2 1 
My4 2+Y 26 15 5 4 5 4 2 2 
My5 1 26 6 3 2 3 2 4 1 
MY6 J+S 26 6 3 1 5 3 4 1 
My7 2 26 6 2 1 4 3 1 1 
Mys 2+Y 26 6 4 3 4 3 1 
1 
Legend: 
i 
F 
m 
My 
+S 
+Y 
L 
G 
January 
February 
March 
May 
plus soil extract 
plus yeast extract 
on Lemna surfaces 
on glass surfaces 
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developed. It was assumed that the thalli were of StiSeocloneum farctum 
Berthold but the thalli. exhibited atypical morphological development 
because of the artificial culture conditions. The thalli were most 
numerous in culture no. M4 (containing enedium 2 supplemented with yeast 
extract). The method described by Reynolds (1949) was employed to collect 
zoospores and provide uni-algal cultures of Stigeocloneum fa. rctum. Freshly 
collected fronds of Lemna minor from pond A were placed onto 15cm 
3 
of 
medium 2 supplemented with ýPlo yeast extract in a shallow glass Petri dish 
and three size 0 cover slips were floated onto the medium. The cultures 
were incubated at a temperature of 14 - 22 
0C 
at a continuous light 
intensity of 7500 lux beneath a bank of Atlas white fluorescent tubes 
for four days. When the undersides of the cover slips were coated with 
a zoosporic green slime, they were removeds transferred to stock culture 
conditions (see p. ý1ý ), and gently broken. The glass pieces were 
subsequently found to support thalli of Stigeocloneum farctum. 
A brown slime developed on the base of the glass vessel of enrich- 
ment culture no, My7. The slime contained the diatom Cocconeis placentula 
and a few chlorophycean cells and cyanophycean filaments. Portions of 
3 
the brown slime were scraped from the glass and shaken in IOcm of medium I, 
and streaked onto 15cm. 
3 
of medium I supplemented with soil extract and 
solidified with agar. After 10 days of incubation in a Gallenkamp IH-287 
incubator at a temperature of 6-8 
0 C, and a light intensity of 0-1800 lux 
the colonies growing on the agar were restreaked onto fresh aga-r plates. 
After three consecutive streak platings uni-algal cultures of Cocconeis 
placentula were obtained, Cocconeis_placentula wou"I'A not grow on agar 
plates in 'undefined' conditions, as described on page 10,2 for the growth 
of Stigreocloneum farctum. Agar plates incubated under these conditions 
supported growth of Oscillatoria sp, and Scenedesmus sp. which were isolated 
by successive streaking onto fresh agar plates. The Oscillatoria sp. 
resembled Oscillatoria sp. indet. I except that its colouring was a bright 
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Table 2.4 Diatoms grown in enrichment cultures 
Taxon Month 1 2 3 4 5 6 7 8 L G 
Achnanthes i + + + 
hungarica P + + + + + 
M + + + 
My + + 
Achnanthes i + + + + + + + + + 
lanceolata F + + + + + + + + 
Yl + + + + + + + + + + 
+ + 
Achnanthes + + + + + 
minutissima F + + + 
III + + 
my 
Amphora i 
ovalis P 
M 
MY + + 
Cocconeis i + + + + + + + + 
placentula F + + + + + + + + + + 
M + + + + + + + + + + 
my + + + + + + + + + + 
Epithemia i 
turgida F + + 
M + + + 
MY 
cavicula 
sp. indet. F 
+ + 
My 
1, T itzsch --'L a i + 
+ + + + + + + + + 
palea F + + + + + + + + + + 
+ + + + + + + + + + 
+ + + + + + 
Gomphonema + + + + + + + + + + 
. acuminatum P, + + + + + + + + 
1/1 + + + + + + + + + + 
T; iy + + + + 
Lep-end 
i January 
F February 
arch 
I'T 
; --ý, 
1"; y Lay 
L on Lenna surfaces 
G on -glass 
+ presence of living cells in culture 
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Table 2.5 Chlorophytes groim in en-,,, ichment cultures (excluding, 
taxa in control miltures) 
T, axon Dionth 1 2 3 4 5 6 7 8 L G 
Aphanochaete + + + + + + 
repens + + + + + + + 
m + + + + 
Illy 
Closterium 
spe F 
m 
Dly 
Tn 
Endoclonium 
polyinorpInim F 
m 
MY + + + + + + 
Chle-ochy-trium i 
lemnae F 
m 
ýly + + + + + + + + + 
T-, j%-icrothannion 
i 
k-uetzingianiun F M + + 
MY 
Oedogonium spd, 
i 
F indet. m 
'ely + + 
+ 
+ + 
+ 
+ 
+ 
+ 
+ 
+ 
Scenedesnus i + + + + + + + + + + 
obliquus F + + + + + + + + + + 
+ + + + + + + + + + 
Stigeocloneum 
i 
F farctum + + + + + + + + + + 
+ + + + + + + + + + 
Ulvella 
frequens + + + 
LeCend 
J January 
F Febrq! ary 
,I ch 
Illy D'ay 
L on Lemna surfaces 
G on class surfaces 
presence of livinp cells 
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Table %6 Cyanophytes grown in enrichment cultures 
Taxon 1,,, onth 1 2 3 4 5 6 7 
Calothrix i 
parietina F 
MY + + + + 
Anabaena 
inaeoualis F 
m 
my + + + + + + 
No. stoc spp. i + + + + 
indet. F 
m + + + + + + 
Illy 
Phormidium i + + + + + + + + + + 
s-, )T) . indet F + + + 
m + + + + + + + + + + 
Dly + + + + + + + + 
Schizothrix i + + + + + + + + 
spp. indet F + + + + + + 
M. + + + + + + + + + + 
Fly 
Tolypothlrix i 
spp. indet. F 
MI + + + 
MY + + + + + + + 
oscillaltioria i + + + + + + + + + + 
sp. indet. 1 F + + + + + + + + + + 
+ + + + + + + + + + 
,.: 7 + + + + + + + + + 
+ 
Pseudar. abaena 
catenata F 
,. Y + + + + + 
Leý7end 
J JAnuary L on Lenna surfaces 
F 'February G on lasfý surfý-, ces 
1, -Iy i, ay + presence o., F* livin, -, - cells 
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T -able 2.7 jagae Crown, on enriclunent cultures solidified with aE,, ar 
-7 v Yledium 2 Taxon Month Medit m1 
(9) (10) 
Scenedesmus + + 
obliquus F + + 
Im + + 
my + + 
Oedogonium sp. V 0 
indet F 
+ + 
+ + 
l7itzschia i + 
palea. F + 
m + 
TITY + 
Cocconeis i + 
placentula F + 
I III + 
MY + 
Oscillatoria i + + 
sp. indet. 1 F + A- 
DIT + + 
1, -iy + + 
Priormidium i + + 
spp. indet F + + 
'NT I + + 
T 
!Y + 
+ 
ljostoc sn--l. i + + 
indet. F + + 
m + + 
My + + 
Le. p7end 
J Jami. ary + presence o-If' cells on agar 
F February 
1' ! ----ar(,. h 
! -, 7.1 Y, ,, ay 
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olive green rather than the dull olive green characteristic of filaments 
from nature, The Scenedesmus sp. isolated resembled Scenedesmus pbliquus 
(Turp. ) Kutz. j except that the cultured colonies were atypical in that 
the cells were amorphously clumped rather than in linear series as found 
in colonies from nature, 
Dense fil-=entous growths of Oedogonium, sp. and Endoclonium poly. 
morphum Franke developed on the surfaces of Lemna minor and on the sides 
of the glass vessels in culture no. My4 and Oedogonium sp., grew on agar 
in culture no My 10. Release of zoospores of Oedogonium sp. caused a 
green slime to develop in the enrichment cultures My2 and My4. Attempts 
tO isolate Oedogonium sp. using the zoospore trapping method described 
above for Stigeocloneum sp. were not successful. Individual vegetative 
filaments of Oedogonium sp. were therefore isolated using a micro-pipette 
separation method. The dense assemblage of filaments which developed on 
the agar plate (culture no. MyIO) were removed with a metal scalpel, and 
shaken in about jOcm3 of medium 2. A drop of shaken suspension was placed 
in the centre of a plastic petri-dish top. The drop containing the algal 
assemblage (including Oscillatoria sp. 9 Scenedesmus sp. and Oedogonium sp. ) 
was surrounded by six dro-ps of sterile medium 2. The central assemblage 
was examined at x40 magnification using a Lumiscope stereoscan microscope, 
and individual filaments of Oedoaonium sp. were picked out using a freshly 
pulled Pasteur micro-pipette and successively transferred through the 
six encircling drops of-medium. When an individual filament had been 
isolated in a dropp it was transferred to stock culture conditions (see 
page 111). The micro-pipette isolation method was also employed to obtain 
a uni-algal culture of Calothrix parietinas and a uni-algal culture of 
Spirogyra nitida, 
A floating brown gelatinous mat developed on culture no. My3, The 
floating material contained a uni-algal mat of Pseudanabaena catenata 
which was isolated and transferred to stock culture conditions (see page 
111). 
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Attempts to isolate other algal tdxa from the enrichment culture, 3 
were not successful. 
Bacteria 
About O. Ig fresh weight of Lemna fronds was collected from pond A 
in August 1975, aseptically transferred to IOcm 
3 
of sterile 0.101o Bacto 
peptone, in a McCartney bottle, transported to the laboratory and shaken. 
vigorously. A sterile wire loop charged with peptone suspension was 
in. oculat, 6d,. by streaking onto petri-plates containing 15cm 
3 
of Bacto 
nutrient agar. ýthis is a general purpose medium for the culture of aquatic 
bacteria; 3g dm-3 beef extract$ 5g dm -3 peptone and 15 g dm ý3 agar). 
The plates were incubated upside down in -the dark at a temperature of 
20 0 C. The bacteria! Colonies which developed were successively reino%-, u. 
lated onto fresh agar plates by streaking until uni-bacterial cultures 
were obtained. 
STOCK CULTURES 
Lemna minor 
For long term storage of living materials batches of fronds were 
inoculated'. onto agar slopes containing 15cm 
3 
of medium B. - These stock 
cultures were maintained at minimal growth rates at a temperature of 
6-80C and a light intensity of 0- 1800 lux on a 12h light and 12h dark 
cycle in a Gallenkamp IH-287 incubator. Subculturing of the stock 
populations onto fresh agar slopes was required about every three months. 
Before employing fronds from agar for liquid cultures, a few random fronds 
were 'inoculated onto Oxoid No. 2 nutrient broth as a test for sterility, 
All non-axen: LC cultures were discarded. 
To provide large numbers of fronds for experimental work, liquid 
stock cultures were initiated. Fronds from agar slopes were aseptically 
in, oculated' into 500cm 
3 
of sterile medium C in a Gallenkamp conical 
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culture flask, Growth was maintained at a temperature of 20 0C and 
illumination of 12000 lux in a Gallenkamp IH-490 incubator, shaking at 
50 rpm. From an initial *: Lnoculum of 3-5 fronds, exponential growth of 
Lemna minor was maintained for 12 - 15 days under these conditions. A 
stationary growth phase followeds and senescent cultures of over 30 days 
old were discarded, 
An axenic stock culture of Lemna minor (strain S. II) was obtained 
from the University of East Anglia, and cultivated separately from fronds 
isolated from Westfield ponds. 
Algae 
The seven algal taxa isolated from Westfield ponds, and the following 
36 algal taxa obtained from the Cambridge culture collection of algae 
and protozoa (see Table 2.8) were maintained in uni-algal stock cultures, 
All cultures were tested for sterility by aseptic inoculation of cells 
Into Oxoid No. 2 nutrient broth. 
Growth of unialgal stock cultures was maintained in 15cm 
3 
of sterile 
liquid medium in labelled McCartney bottles. Stock culture conditions 
were lundefinedll i, e, on a shelf at ambient temperatures of 12-26 
0C 
and 
light intensities of 0-12000 lux, Sub-culturing of stock populations 
into fresh media was required about every six months. 
Bacteria 
Growth of an axenic stock culture of a gram -ve rod shaped bacterium 
probably Pseudomonas sp., was maintained on Bacto nutrient agar in a 
refrigerator. in the dark at a temperature of 4_6C. To provide 
material for experimental work, cultures were grown for three days at 
a temperature of 20 
0 Co. 
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Table 2.8 Stock culture collection of algae 
Cyanophytes 
(c) Anabaena cylindrica Lemm, 
(C) A, circinalis? 
(C) A, flos-aquae (Lyng. ) Breb. + 
(C) A. inaequalis (Kutz) Born et Flah 
(C) A. variabilis? 
(C) Calothrix parietina (Naeg) Thuret 
+ 
(i) Calothrix parietina (Naeg) Thuret 
(C) Calothrix brevissima West 
(C) Cylindrospermum sp. indet. 
(C) Chlorogloea fritschii 
(C) Merismopedia punctata Meyen 
(C) M-1crocystis aeruginosa Kutz 
(C) Mastigocladus sp. indet. 
(C) Microchaete sp, indet, 
(C) Nostoc muscorur. Agardh 
(C) Nostoc paludosum Kutz 
(C) Oscillatoria amoena (Kutz) Gomon. 
(i) Oscillatoria sp. indet. I 
(C) Plectonema sp. indet. 
(J) Pseudanabaena catenata Lauterb. 
(C) Synecocystis sp. indet. 
(C) Tolypothrix sp, indet, 
Chlorophytes 
(a) Ankistrodesmus falcatus (Corda) Ralfs 
+ 
(c) Chaetophora incrassata (Hadson) Hazen 
(c) Chlamydomonas moewosi Gerloff 
(c) Chlorella vulgaris Beyrink 
(C', C. pyrenoidosa Chick 
+ 
(c) Cladophora crispata (Roth) Kutz 
(C) C. glomerulata (L) Kutz 
W Coleochaete scutata Breb 
(C) Draparnaldia plumosa (Vauch) Agardh 
(C) Mougeotia sp, indet. 
(c) Oedogonium foveolatum Wittr, 
(i) Cedogonium sp, indet. 
- 113 - 
Table 2.8 (continued) 
Chlorophytes 
(C) Snirogyra sp. indet. 
(i) Spirogyra nitida (Dillwyn) Link 
(C) Pediastrum boryanum (Turp) Menegh + 
(i) Stigeocloneum farctum Bert 
(i) Scenedesmus obliquus (Turp) Kutz 
rý-t - 4- P%vA rý 
U) Cocconeis placentula Ehr. 
(c) Gomphonema parvulum Kutz 
(c) Navicula sp. indet. 
(c) Nitzschi*cLpalea (Kutz) Sm, + 
Legend 
(c) from Cambridge collection 
(J) isolated from nature 
+ bacteria-free cultures 
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CHAPTER 2.2 COLONISATION AND GROWTH OF EPIPHYTIC ALGAE ON THE 
SURFACES OF LEMNA MINOR 
INTRODUCTION 
Few authors have discussed the methods required to culture ePýiphytic 
algae on macrophytic surfaces in artificial ecosystems in the laboratory. 
Godward (1934) collected macrophyte shoots from nature and immersed them 
in inorganic liquid media beneath artificial lights and observed the 
growth and reproduction of the algae. Reynolds (1949) isolated several V 
epiphytic algal taxa from nature and maintained their growth in un-;,. -. 
algal culture in the laborator'y. Little information is available on the 
factors which influence the initial colonisation of epiphytic algae on 
macrophytic surfaces in culture, and the yields of epiphytic algae on 
macrophytic surfaces in inorganic liquid media have not been measured. 
In the present investigation, 43 algal taxa were tested for their 
ability to attach to the surfaces of Lemna minor and coexist with Lemna 
minor in gnotobiotic cultures, - In Part One of this thesis it was 
shown that the abundance of epiphyton on sensescent fronds, and actively 
growing fronds was significantly different. Consequently the gArowth of 
algae on senescent and growing fronds in culture media were compared. 
In nature the standing crops of epiphyton on the axial and foliar organs 
of Lemna minor were found to be significantly different, and therefore 
the growth of algae on the axial and foliar organs of Lemna minor in 
culture media were compared, 
ALGAL YIELDS PRODUCED ON LEMNA MINOR FRONDS IN GNOTOBIOTIC CULTURES 
Methods 
50cm 
3 
aliquots of sterile liquid media (medium I supplemented with 
orthophosphate as on p. 9', 8for diatoms, and mediu'm 2 for cyanophytes 
and chlorophytes) were prepared in 00cm3 conical flasks. 
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Af ew drops of suspension from each of the 43 algal stock cultures 
listed in Table 2.8 were : inoculated into each flask with a Pasteur 
pipette. Each -* itnoculum contained 0.48 - 0.89 mg dry weight of algal 
material. The cultures were incubated f or 10 days at a temperature of 
20 0C and a light intensity of 12000 lux on a 12h dark and 12h light 
cycle in a Gallenkamp, incubator shaking at 50 rpm. Cocconeis 121acentula 
was the only algal taxon which did not grow under these conditions, 
The 42 taxa which did grow were re-inoculated into a second set of 
cultures. Three cultures per algal taxon were prepared containing the 
ingredients given in Table 2.9. Three types of Lemna minor fronds were 
immediately 
... -inoculated into the algal cultures, 
TABLE 2.9 
Culture No. 
I 
2 
3 
CONSTITUENTS OF GNOTOBIOTIC CULTURES 
Algal inoculum Lemna minor knoculum 
0,48-0,89 mg dry weight 20 actively growing fronds 
- 11 . 20 senescent fronds 
ý f? - 20 nitrate-nitrogen deficient fronds 
Cultures labelled no. I contained actively growing fronds of Lemna 
minor harvested from 'Liquid stock cultures which had been incubated for 
7- JO days. Cultures labelled'no. 2 contained senescent fronds 
harvested from liquid stock cultures which had been incubated for 27 
days. Cultures labelled no. 3 contained fronds harvested from liquid 
stock cultures which had been grown for 10 days on a nitrate-nitrogen 
deficient medium (in which CaCl 2 replaced 
Ca(NO 3. 
) 
2 
)o 
All cultures were incubated for 10 days at a temperature of 20 
0C 
and 
a light intensity of 12000 lux with a 12h light and 12h dark photoperiod, 
in a Gallenkamp IH-490 incubator shaking at 50-rpm. 
TI6 . A. 
After 10 days of incubation all of the fronds wore removed from 
each culture, placed onto pre-weighed pre-dried GF/C discs of diameter 
55mms and observed at x20 magnification using a Lumiscope stereoscan 
microscope. The axial organs were severed from the foliar organs with 
a razor blade. The axial organs were transferred to separate pre- 
weighed pre-dried GF/C discs. The organs were held with tweezers and 
gently drawn across the rough surfaces of the discs so that a large 
proportion of the algae from the organs became dislodged. Each disc 
was then placed on a Buchner funnels under suction, and the organs were 
held over the disc and washed under a jet of distilled water from a 
plastic boittle, Tweezers and -inoculating 
loops which had been employed 
to manipulate the fronds were also washed under a jet of water and the 
washings allowed to fall onto the discs, The portions of the fronds 
which had been cleaned were measured in order to determine the surface 
areas of the f oliar and axial organs as described on page 47, and then 
filtered onto pre-weighed pre-dried GF/C discs, The algae which remained 
in the culture media and attached to the sides of the glass vessels- 
were also filtered onto GF/C discs, 
The algal and frond samples were placed in pre-weighed aluminium 
foil boats, and oven dried to constant weight at 105 
0 C, and the dry 
weight of each sample determineds as described on page 47. 
Results 
In Table 2,10 the standing crops of the algal populations which 
developed on the submerged surfaces of Lemna minor in the gnotobiotic 
cultures are given. References to standing crops given below are in 
terms of mg dry weight algae per mg dry weight of Lemna. It is assumed 
that the bacterial components of the non-axenic uni-algal cultures 
contributed an insignificant amount to the dry weights. Of the 42 taxa 
tested for their ability to attach to Lemna fronds, 27 taxa attached to 
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TABLE--2. jo Standing crops of epiphytic algal populations on the 
surfaces of Lemna minor in gnotobiotic cultures 
E S N 
Anabaena cylindrica 0.09 0.75 0.07 
A. inaequalis 0.13 0.50 0,05 
A. variabilis 
A. flos-aquae - 
A. circinalis - 0.06 
Calothrix parietina 0.20 0.95 0.10 
Calothrix brevissima. 0.37 1.41 0.20 
Cylindrosperumum sp. 0.32 0.13 0.19 
Chlorogloea-fbitschii - 
MerismoPed-ia punctata 
Microcystis aeruginosa. 
Mastigocladus sp. 
Microchaete sp, 00 0'7 0.28 0.09 
Nostoc muscorum - - - 
Nostoc Paludosum 0.03 1.46 
Oscillatoria. amoena 0.32 0.81 0.05 
Oscillatoria. sp. 1 0.53 0,38 0.10 
Plectonema. sp. 0.02 0.27 0.07 
Pseudanabaena. catenata. 0.60 0,76 O. J4 
Synecocystis sp. - - 
Tolypothrix sp, 0,26 0.51 0.17 
Ankistrodesmus falcatus 
Chaetophora incrassata. 0.17 0.24 0.06 
Chlamydomonas moewosii - - 
Chlorel"A. a. vulgaris 0.01 0.02 
C. pyrenoidosa 0.01 0.01 
Cladophora. crispata 
C. glomerulata. 0.11 1.47 0.05 
Coleochaete scutata. 0.16 0.77 0,04 
Draparnaldia. plumosa 0.08 0.33 0.02 
Mougeotia. sp, 0.06 0.21 0.09 
Oedogonium foveolatum 0.38 0.80 0.16 
Oedogonium sp. 0.23 0.40 0.11 
Spirogyra. sp. - - 
Spirogyra. nitida. - 
Pediastrum boryanum 0,02 0,, 12 - 
Stigeocloneum farctum 0.07 0.45 0.02 
Scenedesmus obliquus 0.05 0,55 0.01 
Gomphonema. parvulUm 0.61 0.8'L 0.24 
Navicula. sp. 0.25 0.19 0.04 
Nitzschia. palea 0,41 0,76 0,04 
end: - less than 0.01 mg dry Ler weight mg dry weight-, . E= on actively growing fronds 
S= on senescent fronds 
N= on nitrate-nitrogen deficient fronds 
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actively growing fronds, 28 taxa attached to senescent fronds, and 23 
taxa attached to nitrogen deficient fronds, producing standing crops 
of greater than O. OImg-I. Anabaena var-il-abilis, Anabaena flos aquaes 
Ch_lorogloea fritschii, Merismoppdia punctata, Microcystis aeru&inosal 
Mastigocladus sp.. ' Nostoc muscorums SynecocXstis spq Ankistrodesmus 
falcatus, Chlamydomonas moeuwosii, Cladophera crispata, Spiroayra sp. 
and Spirogyra 
__ni-L-, 
ida, produced negligible standing crops of epiphyton 
of less than 0.01 mg. 
Only two taxag Gomphonema parvulum and Oscillatoria sp. indet. I 
produced significantly dense standing crops of over 0.5 mg on actively 
growing fronds. However, fourteen taxa produced standing crops of over 
0.5 mg upon slenescent fronds. Calothrix brevissima, Nostoc paludosum 
and Cladophera glomerulata produced very dense crops greater than I. 0 mg 
on senescent fronds. The epiphyton on nitrogen deficient fronds was 
poorly developed and population standing crops did not exceed 0.25 mg. 
The mean population standing crops of algae established on actively A 
growing fronds$ senescent fronds and nitrogen deficient fronds were 
0.21q 0.55 and. 0.09 mg respectively, The difference between the means 
was highly significant (p = 0.001) as shown by analysis of variance. 
In Table 2.11 the percentages of the total algal yields in each 
culture which became epiphytically attached to the fronds are given, 
This table excludes all cultures in which less than I'lo of the total 
algal yield became attached. In all cultures containing nitrogen 
deficient frondsp and in sixteen cultures containing actively growing 
or senescent fronds, the slý, anding crops of epiphyton produced on the 
fronds were less than 25P/o of the total algal yieldo Calothrix brevissimas 
Oscillatoria amoonag Oscillatoria sp. Is Oadogonium sp, j Draparnaldia 
2Lmosa., Stigeocloneum farctum and Gom2honema parvulum were the only 
taxa which produced standing crops of epiphyton which were greater than 
257o Of the total yield in cultures containing actively growing or 
senescent fronds. 
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In table 
. 
2.12 the densities of the epiphytic populations in terms 
Of mg dry weight mm -2 macrophyte surface are given. This table excludes 
all taxa which produced insignificant standing crops of less than O. Oj mg. 
dry weight ium -2 . With the exception of populations of OedogonJ. um sp., 
Coleochaete scutata and Navicula sp. on actively growing frondag and 
Oscillatoria amoonal Microchaete sp. s Pseudanabaena catenata, Oedoaonium 
f oveolatum, Mougeotia sp. 9 Draparnaldia sp. and Navicula sp. on senescent 
fronds, the algal densities produced on the axial organs were greater 
than those produced on the foliar organs. In cultures containing nitrogen 
deficient fronds, only I diatom, Gom-Dhonema parvulum, produced a standing 
crop exceeding O. Oj mg dry weight mm -2 , and all other taxa produced in. 
significant standing crops on the foliar organs. The mean standing 
crops produced on the foliar organs of growing, senescent and nitrogen 
defictent fronds were 0.06s 0.10 and 0.01 mg dry weight mm-2 respectively. 
The mean standing crops produced on the axial organs were 0,16.0.181 
and 0.05 mg dry weight mm -2 respectively. The differences between the 
mean standing crops Droduced on growingo senescent and nitrogen deficient 
fronds were highly significant (p = 0.001) as shown by analysis of 
variance. The T. tests showed that the differences between the standing 
crops on axial and foliar organs were also significant, 
. i23 
TABLE 2.11 Percentages of total algal yields established epiphytically 
on axial and foliar organs of Lemna minor in gnotobiotic 
cultures 
E s N 
Anabaena cylindrica 11.2 26,4 3.2 
A. inaequalis 12.6 15.8 3,4 
A. circinalis 2.5 
Plectonema spe 5.4 17.8 6.5 
Nostoc paludosum 4,8 31.1 
Calothrix brevissima 26.0 30.1 4.5 
C. Parietina 15,8 15.5 2.7 
Cylindrospermum spe 7.1 7,5 8.0 
Tolypothrix spe 24.0 12.3 3.4 
Microchaete spe 20.4 15.2 5.0 
Pseudanabaena catenata 39.6 15.3 4.5 
Oe. dogonium spe 1 25.2 41.1 11.4 
Oedogonium foveolatum 25,4 7,4 4,9 
Coleochaete scutata 18.3 13.0 5.7 
Pediastrum boryanum 1.6 3.3 
Cladophera glomerulata 11.7 36.1 2.4 
Scenedesmus quadricauda 6.9 7.5 
Chaetophora spe 24.1 14,4 3,5 
Ulothrix spe 11.7 14.5 5.8 
Mougeotia spe 13.7 24., 3 7,5 
Draparnaldia spe 50.0 77.2 4,0 
Stigeocloneum spe 31.5 38,4 4.5 
Gomphonema parvulum 76.4 59.5 4»4 
Nitzschia palea 21.0 Ig. 3 2.9 
Navicula spe 27.5 13.5 2.4 
E= actively growing fronds 
S= senescent fronds 
N= nitrogen deficient fronds 
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TABLE 2.12 Standing crops of epiphytic algae on Lemna minor in 
gnotobiotic cultures 
E S N 
axial foliar axial foliar axial foliar 
Anabaena cylindrica 0.12 + O. J8 0.01 0105 + 
Anabaena inaequalis 0.08 0.02 0.33 0.03 0.04 + 
Plectonema sp, 0.05 + 0.12 + + + 
Nostoc sp. paludosum 0.04 + 0.21 0.06 + + 
Calothrix brevissima 0.62 0.03 0.67 0.18 0.14 + 
Calothrix parietina 0.37 0.02 0.25 0.02 0.04 + 
Cylindrospermum sp. 0.13 + 0.33 0.08 0.06 + 
Oscillatoria sp, 0.32 0.06 0.35 0.17 0,05 + 
Oscillatoria amoena 0.33 0.04 0,04 0,06 0.01 + 
Tolypothrix sp. 0.30 + 0.40 0,14 0.07 + 
Microchaete sp. 0.12 + 0.06 0.12 0.06 + 
Pseudanabaena catenata 0.27 0.05 0.11 0., 40 0.11 + 
Oedogonium sp. 0.13 0.19 0.51 0.38 0.04 + 
Oedo(ronium foveolatum 0.26 0.03 0.08 0.22 0.05 + 
Coleochaete scutata 0,07 0.13 0.02 0.01 0.01 
Pediastrum boryanum 0.02 + + + + + 
Cladophera glomerulata 0.05 0.08 0.14 0.02 0.02 + 
Scenedesmus sp. 0,08 + 0.03 + + + 
Chaetophora op. 0.05 0,04 0,04 0.02 0.02 + 
Ulothrix sp. 0.02 0.02 0.04 0.03 0.02 + 
Mougeotia sp. 0.09 0,04 0.03 0.04 0.02 + 
Draparnaldia SP. 0.06 0.02 0.05 0.07 0.01 + 
Stigeocloneum sp. 0.04 0.02 0.04 0.01 0.01 + 
Gomphonema parvulum 0,41 0.20 0.26 0.20 0.15 0.03 
Nitzschia palea 0.23 0.04 0.25 0.05 0.02 + 
Navicula sp. 0.04 0.06 0.03 0,04 0.01 + 
mg dry weight mm- 
2 Lemna su rface 
E= actively growing fronds 
S= senescent fronds 
N=n- itrogen deficient fronds 
ý2 
+= less than 0.01 mg dry weight mm 
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Discussion 
The interpretation of data on the differences between the standing 
crops of algae produced on the surfaces of actively growing, senescent 
and nitrogen deficient fronds is difficult. Despite the lack of repli- 
cation and the problem that the standard incubation conditions were 
probably not optimal for the growth of each population, the data are 
significant from the point of view that no investigators have previously 
enclosed algal populations and Lemna minor together in culture and 
estimated terminal yields. The cultures also provided a convenient 
means of selecting gnotobiotic associations which could be further 
employed for interaction studies. 
The overall impression gained from the culture experiments was 
that (a) standing crops of epiphytic algae produced on senescent or 
slowly growing fronds were greater than those produced on actively 
growing fronds, that (b) nitrogen deficient fronds supported a paucity 
of epiphytic algal growth compared to growth on fronds grown in an 
abundant supply of nitrate-nitrogen, and that (c) foliar organs supported 
less epiphytic algal growth than did axial organs, It was shown that 
the age of the frondst the degree to which the fronds had been subject 
to growth in limiting concentrations of nitrate-nitrogen, and the types 
of attachment surface were important factors which controlled the 
macrophytic carrying capacity for epiphyton. It is significant that 
these factors were also considered to be important in controlling the 
population densities of epiphyton on fronds of femna minor in nature, 
GROWTH INTERACTIONS-OF LEMNA MINORAND CALOTHRIX BREVISSIMA 
Introduction 
In the previous section (PPL'3: 14-121 -) data on the yields of algae 
on the surfaces of Lemna minor, in gnotobiotic cultures were presented. 
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Correlation analysis indicated that no significant statistical relationý 
ship existed between the terminal yields of Lemna minor and algae in 
the cultures, However, it was noted that the yields of Lemna minor 
produced in gnotobiotic cultures were considerably less than those 
produced in axenid cultures. In ton days) axenic populations of Lemna 
minor in medium 2 produced 128 to 196 fronds (five replicates) from an 
initial inoculum of 20 actively growing fronds, In ten days the 
numbers of f ronds produced in the gnotobiotic cultures incubated under 
identical conditions with an identical inoculum of Lemna minor ranged 
from 39 to 102 fronds. It is therefore apparent that the presence of 
the algae in the cultures tended to reduce the multiplication rate of 
the fronds. 
Calothrix brevissima produced a substantial standing crop of 
0.37 mg dry weight mg dry weighC, on actively growing fronds in the 
gnotobiotic culture, Over twenty five percent of the total algal yield 
in the culture became attached to the fronds. The axial organs of the 
fronds supported the greatest densities of this cyanophyte, which were 
over twenty times greater than the standing crops produced on the foliar 
organs. Calothrix brevissima was not found on the surfaces of Lemna minor 
in the natural ecosystem investigated, but it is an important member of 
the epiphyton in some warm eutrophic relatively alkaline lakes. For 
example, Bowker and Denny (1978) f ound that Calothrix brevissima was 
numerous in the epiphyton on shoots of emergent aquatic macrophytes in 
the littoral zone of Nyumba. ya Mungu, a tropical man-made lake in East 
4 Africa. In this section, an Anvestigation of the growth of Calothrix 
brevissima and Lemna minor in gnotobiotic cultures is presented. 
Evidence is'supplied which supports the hypothesis that the pH increase 
in the culture medium caused by the assimilatory activities of the algal 
cells was probably responsible for the inhibiltion of the multiplicatioh 
of Lemna minor fronds in the gnotobiotic cultures. 
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Methods 
Twenty-threo 250cm 
3 
conical flasks containing 100cm 
3 
of sterile 
medium 2 were prepared. One flask was inoculated with eight fronds 
of Lemna minor harvested from an axenic liquid stock culture in 
exponential phase of growth. A second flask was inoculated with eight 
similar fronds plus about 0.5 mg dry weight of Calothrix brevissima 
harvested from an axenic liquid stock culture in exponential phase of 
growth, 
At daily intervals for ten days the numbers of fronds in each 
flask were couhted. 
0 
Ten flasks were -inoculated with aliquots of suspension of 
Calothrix brevissima containing about 0.5 mg dry weight of algal material. 
The suspension was harvested from an axenic liquid stock culture in 
exponential phase of growth. A further ten flasks were each 'inoculated 
with 8 fronds of Lemna minor and about 0.5 mg dry weight of Calothrix 
brevissima harvested from the stock cultures described above. 
At daily intervals one flask was removed from each set of ten 
cultures, and the dry weights of the Lemna minor and/or the algae were 
estimated as described on page 47.. 
A control flask was prepared containing no plant material. At 
daily intervals the pH of the medium in every flask was measured 
aseptically by the use of a Pye Unicam model 290 pH meter, The glass 
electrode of the pH meter was passed through 5% sodium hypochlorite 
solution and rinsed with sterile distilled water between each pH 
estimation to prevent microbial contamination of the media and to prevent 
cross-contamination of algal cells between cultures. All cultures were 
incubated in a Gallenkamp IH-490 incubator at a temperature of 20 
0 
and a light intensity of 12000 lux with a 12h light and 12h 
dark 
photoperiodg and shaking at 60 rpm. 
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To determine the effects of pH on the growth of Lemna minor, 8 
250cm 3f lasks containing I00cm 3 of sterile medium 2 were prepared. 
The pH of the medium in each flask was modified by aseptic dropwise. 
addition of sterile O. IM hydrochloric acid or O. IM sodium hydroxide 
as appropriate to produce eight aliquots of media with pH values of 
4,01 5.0,6.09 7.09 8.01 9.01 10.0. and II. 0 respectively. Ten fronds 
harvested from a sterile liquid stock culture in exponential phase of 
growth were . inoculated in each flask. The numbers of fronds in each 
flask, and the pH of the medium in each flask were estimated after 
incubation f or 10 days in a Gallenkamp IH-490 incubator in the conditions 
described on p. 115. 
Results 
The growth of the Lemna miAr population in the axenic and the 
gnotobiotic culture is depicted in Figure 2,1. Growth of fronds 
proceeded at similar multiplication rates until the fourth day of 
incubation. After four days, the axenic population began an exponential 
phase of vegetative multiplications with a terminal yield after ton 
days of 147 fronds. The relative growth rate, K (given by the formula 0 
K =(log N- log N)/t, where N number of fronds after times and I0 t, 10 0t 
number of fronds in initial inoculum) was O. M. However, after 0 
four days of incubationý an exponential increase in the number of 
fronds was nott -found in the gnotobiotic culture. Growth of fronds 
remained relatively lineart with a terminal yield of only 52 fronds, 
and a relative growth rate of only 0.092. 
In Figure 2.2 the increase in the dry weight of Calothrix brevissima 
in the axenic and the gnotobiotic cultures are depicted, Exponential 
increase in the dry weight of Calothrix brevissima occurred in the 
absence and in the presence of Lemna minor fronds, However, the terminal 
yield of algae in the axenic culture was 17.4 mg dry weight greater than 
the terminal yield in the gnotobiotic culture. 
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In Figure 2.3 the standing crops of Calothrix brevissima on the 
surfaces of Lemna minor, are given, Standing crops over the ton day 
period ranged from 0.65mg to I. 02mg with a general trend for the crop 
to increase during the period. The percentages of the total algal yield 
in the cultures which attached to the fronds are ai! ýo supplied in 
Figure 2.3. During the ten day incubation the percentages of the total 
yield of algae which became attached to the fronds decreased from a 
maximum of 66.6% on the first day of incubation to a minimum of 14,5910 
on the ninth day of incubation* v 
pH increases in the media are given in Figure 2.4. The control 
medium retained a pH of 6,80, In the axenic culture of Lemna minor 
the pH value of the medium increased relatively linearly from an 
initial pH of 6.80. to a terminal pH after ten days of 7.86, In the 
axenic culture of Calothrix brevissima, the pH values increased from 
an initial value of 6.80 to a terminal value of 10.15, The greatest 
rate of increase of pH occurred between the sixth and eighth days of 
incubation when the algal population was increasing exponentially, pH 
increases in the gnotobiotic culture of Lemna minor and Calothrix 
brevissima f ollowed the same trend aao those in the axenic cultures of 
the algal with an increase from values of 6.80 to 10,01 in the ten day 
period. 
The yields and relative growth rates of axenic Lemna minor 
populations in medium 2 of known pH values between 4.0 and 10,0 are 
given in Table 
2.13, Optimum pH values for the greatest yields and 17 
multiplication rates of fronds appeared to be within the range 
6.0 to 
8,0 with reductions of yields and multiplication raes at pH values of 
5.0j 9.0 and 10.0 and complete inhibition of multiplication at the 
extreme values of pH, 
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Figur L2 #3 Standing ctops of the cyanophyte Crtlothrix brevissimit 
established on the surfaces of Lemna minor in gnotobiotic cultures. (BtandiiNý crops expressed in terms of dry weig4t and percent of 
total yield established on fronde 
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Table 2.13 Yields and relative growth rates of Lemna minor populations 
grown for ten days in media of known initial, and final pH 
yield (no. of K (relative growth 
initial PH final PH fronds) constant) 
4.0 3.8 0 0*000 
5.0 5,6 55 0.074 
510 7.1 138 0"108 
7.0 7.6 169 0.115 
8110 8'1 144 0.113 
9.0 819 124 0.102 
10.0 9.5 85 0.092 
11.0 CA -s 0 C). ooo 
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Discussion 
Because pH values above 8.0 inhibited Lemna minor multiplication 
in axenic cultures it follows that pH values above 8.0 would inhibit 
frond multiplication in the gnotobiotic cultures, It can be concluded 
that the increase in the pH value of the medium (probably caused by the 
assimilatory activities of the algal cells) was a factor which wAs 
responsible for the reduction in the multiplication rate of fronds in 
the gnotobiotic cultures. 
Few investigators have considered the effects of pH on macrophytic 
growth, McLay (1976) investigated the effects of pH on the population 
growth of Spirodela oligorhhiza, Lemna minor and Wolffia arrhiza. The 
range of pH values at which Lemna minor showed reasonable growth in 
buffered and unbuffered culture media was 5.0 to 8,2, which is consistent 
with the findings of this investigation. 
Spence (J974) briefly discussed the effects of pH on macrophyte 
growth and photosynthesis. It was suggested that the increase in pH 
values of lake water correlated with high phytoplankton densities (as 
demonstrated by Talling, 1971) p and the alterations in water chemistry 
following algal photosynthesis may be detrimental to macrophytes. 
Mulligan and Boronowski (1969) found that the yields of Myriophyllum 
spicatum in cultures containing phytoplankton was negatively correlated 
with the final pH of the medium* However, the reduction in the 
photosynthetically available radiation at the macrophyte leaf surfaces 
caused by light absorption by the phytoplankton cells was also correlated 
with the decline in the yield of Myriophyllum. Allen (1973) , cited by 
Spence (J974) demonstrated that at a pH of 9,6 the rate of photosynthesis 
of Myriophyllum exalbescens was only ten percent of the maximum rate 
which occurred at pH 7,0; and Black (1973) cited by Spence (1974) found 
a similar effect of alkaline pH values on the. photosynthesis of 
Potomaaeton Pjýaalgninjs- 
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It is possible$ therefore, that the effects of high PH values 
on the multiplication rate of Lemna minor fronds could be a result of 
inhibition of photosynthesis. donsequentlys further experiments were 
carried out to estimate the photosynthesis of Lemna minor and Calothrix 
brevissima at known pH values, and the results are given in Chapter 2.3, 
where a more detailed discussion of the effects of -nH on macrophyte 
growth and photosynthesis is provided. 
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EFFECT OF NITRATE-NITROGEN SUPPLY ON dROWTIT OF EPLPTIYTIC ALGAE 
Introduction 
Fitzgerald (1969) studied some of the factors which promoted 
growth of epiphytic algae on the surfaces of various aquatic macrophytes 
and macro-algae. He found that growth of epiphyton was negligible when 
concentrations of. nitrate- and ammonium-nitrogen were low, 
but when nitrogen was in plentiful supply epiphytic algal growths 
were dense. In Lake Mendota, in spring, the surfaces of Cladophara 
were covered in epiphytic diatoms. Nitrogen was abundant in 
the 
water, 
-I -I 
and the demand by the algae was 1)Lig N mg algae h As the nitrogen 
demand rose to 1.4 - 2.7 /j6gN mg algae 
-I h -I , in early summers the 
nitrogen concentrations in the water declinedp and the density of the 
epiphytic diatom community decreased. When in August, uptake of nitrogen 
by Cladophara fell to only 0.6, /, Lg mg algae- 
I 
h-I, a cyanophyte dominated' 
epiphytic community appeared. It was suggested that macrophytes and 
epiphytic algae were in direct competition for supplies of aqueous 
nitrogen, and that during periods of low nitrogen in the water, the 
epiphytic algae declined in density because the macrophytes possessed 
a lower threshold for nitrogen, The changes in the surface topography 
of macrophytes Caused by nitrogen limitation, as discussed on page8l v 
may also have inhibited the attachment of epiphytic diatoms. 
In Part One of this thesis, it was noted that a similar situation 
took place in Westfield ponds. In Spring, when nitrate-nitrogen 
concentrations were 0.95 - J, 40 mg dim 
-3 
, the density of diatoms on 
the 
-I 
surfaces of Lemna minor were about 13000 - 25000 cells mg dry weight 
macrophyte, When in early summer, the nitrate-nitrogen concentrations 
had fallen to O. GO - 0.35 mg dm. 
-3 
. the diatom densities had declined 
-I 
to les. s than 500 cells mg dry weight macrophyte. Similarly, the 
chlorophyte densities declined from about 15000 individuals mg dry weight-I 
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macrophyte in March to only about 7000 individuals mg dry weighC, in 
July* During August and September, when the fronds had stopped multi- 
plying, and were presumably no longer demanding nitrogen from the water, 
a cyanophyte dominated epiphyton developed. 
Whilst other factors, such as temperature, light intensity, and 
concentrations of dissolved oxygen were acting to effect changes in the 
structure and density of the epiphyton on Lemna minor fronds, the 
effect of nitrogen alone would appear significant. Therefore, a series 
of experiments were carried out to measure the growth of epiphyton on 
Lemna minor fronds at different nitrogen concentrations and the results 
of these experiments are presented in this section. 
Methods 
Between January and May 1975, fronds of Lemna minor were collected 
from Pond A, and transported to the laboratory. The fronds were inocula-Cled 
into aliquots of various culture media, and incubated under various 
conditions, and the epiphytic algae which grew in the enrichment 
cultures were identified as described on paget9l. Estimations of the 
population densities of epiphyton which developed on the proximal zones 
of the axial organs were estimated by in situ counting (see p. 
48). 
In May 1975, ten I00cm 
3 
conical flasks containing 25cm 
3 
of medium 
2 (pH 6.80) were prepared. The concentration of potassium nitrate 
.0 
Ten fronds from an in each flask ranged from 0- J00 mg dm. -3 
axenic liquid stock culture were inoculated into five flasks. Five 
flasks were each inoculated with ten fronds freshly collected from 
pond A, The cultures were incubated on a shaking incubator at temperatures 
of 15 - 21 
0C 
and light intensities of 0- 7500 lux. After twenty days 
of incubationg the yield of fronds in each culture was recorded, and the 
-I 
yields of epiphytons expressed as mg dry weight mg dry weight 
macrophyte were estimated using the method described on page//(O . 
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Results 
The densities of epiphyton which developed on the proximal zones 
of the axial organs of Lemna minor in the enrichment cultures are given 
in Table 2.14. The densities were very high - much greater than those 
found in nature - and therefore could not be estimated very accurately 
f or the reasons given on page 33ý. The densities have therefore been 
expressed in terms of relative amounts; very dense = over 5000 individuals 
mm -2 , dense = 2000-5000 individuals mm- 
2, 
less dense = 1000-2000 
individuals mm -2 , not dense = less than 1000 individuals mm 
-2 
, 
Table 2.14 Relative densities of epiphyton on proximal zones of 
Lemna minor in enrichment cultures 
Culture Relative epiphytorl density 
ii+ less dense 
J7++ very dense 
FI+ less dense 
F7++ dense 
Mi+ less dense 
M7++ very dense 
MYI+ not dense 
My7++ less dense 
+ medium I (nitrate-nitrogen supplied as 40 mg dm, 
-3 
3 
Ca(NO 3)2 
++ medium 2 (nitrate-nitrogen supplied as JOI mg dm_ KNO 3 
January F= February M= Margh My = May 
For culture conditions see Table 2.3. For taxonomic compositions Of 
communities see Tables 2.4,2.5 and 2.6 
ý 137 - 
In all cases, the densities of epiphyton which developed on 
fronds inoculated into medium I (a modification of Chu No. 10 medium) 
were less than the densities of epiphyton which developed in medium 2 
(a modification of 'Allen and Arnon's' medium). 
The yields of epiphyton and fronds produced in medium 2 at various 
nitrate-nitrogen concentrations are given in Table 2.15. 
Table 2.15 
KNO 
supplied 
m dm -3 
Ioo 
50 
25 
io 
0 
Yields of epiphyton and fronds produced in medium 2 at 
known nitrate-nitrogen concentrations 
Yield of fronds 
of Lemna minor 
in axenic culture 
Yield of fronds 
of Lemna minor 
with epiphyton 
Yield of 
epiphyton 
mg dry weight 
mg dry weight 
I 
136 
128 
IN 
116 
13 
82 
91 
66 
53 
6 
1.03 
1.42 
0.31 
0.09 
0.02 
Yields of epiphyton produced at concentrations of pot -assium 
nitrate of 50 - 100 mg dm 
-3 were considerable - over I. 0 mg dry weight 
of algae mg dry weight 
I 
of Lemna. However, epiphytic yields produced 
below 25.0 mg dm -3 of potassium nitrate were reduced to between 0.0'2 
and 0.31 mg dry weight algae mg dry weight Lemna-I. In axeniC cultures 
(where the initial 
- inoculum of 
fronds was strain S. II from the University 
of East Anglia) the number of fronds produced between 10 and 100 mg dm -3 
potassium nitrate were relatively similar, a difference of only 20 fronds 
between the former and the latter concentrationss. The number of non- 
axenic fronds produced at a KNO 3 concentration of 100 mg dm 
-3 was not 
considerably greater than the numbers produced at a concentration of 
-3 50 mg dm ,W en no nitrate-nitrogen was present in the medium, the 
numbers of fronds produced were ten to fifteen times less. The maximum 
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standing crop of epiphyton was produced when the nitrate-n4-trogen 
concentration was 50mg dm -3 KNO 3' When no nitrate-nitrogen was present 
in the medium, the standing crops of epiphyton produced were about 
seventy times less. 
Discussion 
Population densities of epiphyton produced on fronds in enrichment 
cultures greatly exceeded densities produced in nature. The maximum 
population densities of epiphyton in nature never exceeded 1000 indiv- 
idual8 mm -2 , which is about five times less than the maxima produced 
on the axial organs of fronds in the artificial laboratory ecosystems. 
Since the nutrient concentr4tion supplied in the enrichment cultures 
were much greater than those generally found in nature, it follows that 
the growth of epiphyton in the pond may have been limited by nutrient 
supply. Densities produced in medium 2 were greater than densities 
produced in medium I. Medium 2 contained far greater amounts of the 
major nutrients nitrogen and phosphorus than did medium I. and it 
would appear that epiphyton density produced in the cultures was 
positively correlated with concentrations of major nutrient ions. 
Nitrate-nitrogen concentration was positively correlated with epiphyton 
density in the enrichment cultures. Lemna minor grew at nitrate-nitrogen 
concentrations which severely limited algal growth, This substantiates 
Fitzgerald's (1969) suggestion that nit. -ate-nitrogen is important in 
controlling epiphytic algal density on macrophyte surfaces. 
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CHAPTER 2.3 PHOTOSYNTHESIS OF LEMNA MINOR AND EPIPHYTIC ALGAE 
METHODS OF MEASURING PHOTOSYNTHESIS 
Introduction 
Three methods are commonly employed to estimate the photosynthesis 
of aquatic macrophytes and algae. There are (a) measurements of changes 
in dissolved oxygen brought about by photosynthetic and respiratory 
activities, (b) measurements of changes in the concentrations of the 
various forms of dissolved inorganiccarbon brought about by photosynthesis 
and (c) the use of carbon-14 as a tracer (Vollenweider, 1974). The 
first two methods are not applicable to estimating the photosynthesis 
of Lemna minor, because they are dependei2t upon the measurement of 
chemical changes induced by plant photosynthesis within closed aquatic 
systems. Morris and Barker (1977) found that Lemna minor released 
oxygen into the atmosphere and not into the water., ý and Wetzel and Manny 
(1972) demonstrated that Lemna purpusilla utilized both atmospheric and 
aqueous sources of inorganic carbon. Therefore the chemical changes 
induced in the aqueous medium below a floating mat of Lemna cannot be 
considered to be accurate indicators of the photosynthetic activities 
of the fronds because gaseous changes with the atmosphere must also be 
taken into account, . 
Consequently, the use of carbon-14 as a tracer is 
the most convenient method available to estimate the photosynthesis of 
Lemna minor, 
Basic carbon-T4 methodology was reviewed by Vollenweider (1974) A. 
and need not be discussed here. Howevers in this investigation, 
specific methods were developed to estimate carbon fixation in Lemna. 
minor and an outline of the development of these methods is given in 
this section. The aim was to provide a quick., efficient and accurate 
method of estimating the amount of carbon-14 incorporated into the 
organic matter of Lemna minor, Two types of liquid scintillation assay 
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are presented here, and the reasons why one type of assay was selected 
are discussed, 
Methods 
Ten McCartney bottles, each containing 15. Ocm 
3 
of sterile liquid 
medium 2 were prepared. Five axenic fronds of Lemnn minor, harvested 
from a liquid stock culture in exponential phase of growth, were 
inoculated into each bottle, The bottles were placed with their 
longest sides horizontal in a Gallenkamp IH-490 incubator on a base 
of cotton wool. I, Ocm3 of sterile sodium bicarbonate solution (NaH14 CO 3 
with an absolute activity of 2.01 micro Curies was injected into each U 
bottle using a graduated syringe. Addition of the bicarbonate did not 
alter the pH of the medium. The amount of sodium bicarbonate added 
was 0.0026 mg. The fronds were allowed to photo-assimilate the carbon-J4 
for 4 hours at a constant light intensity of 12000 lux and a temperature 
of 20 0 C. The cultures were shaking at 60 rpm, The bottles were removed 
from the incubator and immediately immersed into ar. ice-bath at OOC in 
6he dark (this precaution was taken to reduce further photo-assimilation 1- 
of label$ and inhibit respiratory loss of carbon-I4). 
Five samples of Lemna minor incorporating carbon-14 were filtered 
onto pre-weighed, pre-dried Oxoid membrane filters of diameter 25mm 
and pore size 0.45/km, using Millipore suction apparatuS. Each filter 
could accommodat-e five fronds. The samples were washed with aboat 50cm 
3 
of distilled waters and f-iltration was carried out in a darkened room. 
The samples were desiccator dried to constant weight over- silica gel3, 
then exposed to fumes of concentrated hydrochloric acid in a closed 
beaker for 24h. The acid fumes removed the residual amounts of carbon-14 
on the filters, and on the surfaces of the fronds. The filters and 
fronds were transferred to Wheaton vials containing Iocm 
3 
of KL 372 
scintillator. When the filters had dissolved,, -the specific activity 
of each sample was measured by liquid scintillation counting (as 
- 
described below* *. 
The specific activities of the five other samples of Lemna minor 
incorporating carbon-14 were estimated by a different method. The 
method was a modification of the Van-Slyke Folch wet oxidation procedure 
described by Wang and Wallis (1965). The apparatus is shown in Figure 2.5. 
A I00cm 3 Ehrlenmeyer flask was prepared containing a centre wellq 
an outer well and a side-arm plugged with a suba-seal stopper. The 
ground-glass mouth joint of the flask was fitted with a separating 
funnel and sealed with silicone grease. Desiccator dried samples of 
lemna minor of known dry weight which had been exposed to fumes of 
concentrated hydrochloric acid, were introduced into the centre well of 
the flask. The separating funnel and the suba-seal stopper were fitted, 
and the flask was partially evacuated by use of a hypodermic syringe 
whose needle penetrated the stopper. 40. Ocm 
3 
of an acid digestion 
mixture (prepared from mixing 12.5 g chromium trioxides 83.5 g ortho- 
phosphoric acidt and I66cm 
3 
of fuming sulphuric acid to I dm 
3 
of 
distilled water) was run onto the sample from the separating funnel. 
The flask was rapidly heated to a temperature of about 90 
0C 
on a hot 
plate, to promote oxidation of the labelled organic matter to carbon 
dioxide. The flask was then cooled to room temperature and 5. Ocm 
3 
of 
Hyamine-IOx-Hydroxide (HyOH) was injected into the outer well through 
the side arm. The f lask was placed on a Gallenkamp orbital shaker at 
50 rpm for !6 hours at room temperature to allow absorption of the 
released carbon-14 labelled carbon dioxide into the alkali. Replicate 
0.5cm 
3 
aliquots of HyOH were pipetted into Wheaton vials containing 
9.5cm 
3 
of KL 372 scintillator and their activities determined after 
employment of quenching corrections as described below, 
Li *d Scintillation Countina 
A Nuclear Enterprises type 6500 A liquid scintillation counter 
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Figure 2.5 'Wet Oxidation t Flask 
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was employed to measure milli' fb micro Cuý rie amounts of carbon-14, 
Samples of total liquid volume IOcm 
3 
were prepared in KL 372 scintillaltor 
(Koch Light Laboratories) in Wheaton vials. KL 372 is a modified 
Bray's scintillator composed of primary and secondary solutes (PPO, PPOP)j 
dissolved in a solvent mixture containing 1-4 dioxan, ethylene glycol, 
mono-ethyl ether and naphthalene. Sample preparation wa's carried out 
in a fume cupboard to avoid inhalation of toxic vapours, 
The average count rates (r counts per minute or r cpm) of samples 
in the scintillator were estimated after counting each sample three 
times for a pre-set time period of 1-4 minutes, Each sample was 
routinely counted so that the standard deviation of the mean count 
rate was less than 50/0, 
Cou. nting efficienci6s (e) of non-quenched samples were given by 
the expression e= (r t-r b)/rS , where rt= cpm of standard carbon-14 
sample of known absolute activitys r and rb= background cpm. 
Background count rates were estimated for each vial before addition of 
labelled samples. The optimum threshold, channel set and high voltage 
controls for the liquid scintillation counter were set before assays 
e2 /' 
so that the value of A. b was the 
highest obtainable, 
The absolute activities of carbon-14 in the samples were given 
by the expression (r -rb )/e/2.2 x 10 
6 
micro Curies (assum ing that one 
micro Curie is equal to 2,2 x 10 disin-tegrat ions Der minuke). 
Specific activities were determined by dividing the absolute activities 
by the dry weights of the sampler.. 
Up to 2, Ocm 
3 
of water in 8.0cm 
3 
of scintillator did not signif- 
icantly reduce the counting efficiency. However, amounts of HyOH 
significantly reduced the counting efficiency of a standard carbon-14 
sample of known absolute activity in KL 372 scintillator, The reduction 
was caused by quenching (Wang and Wallis, 1965) and therefore quenching 
corrections were determined in measuring carbon-14 employing the wet 
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Oxidation method. The Channels ratio or pulse height shift method as 
detailed in the instruction manual supplied by Nuclear Enterprises Ltd. 
was used. Values of R (ratio of count rate in Channel I and count rate 
in Channel 2) and the correction factor, CF (the ratio of the absolute 
disintegration rate and the Channel 2 count rate) . of a standard 
carbon-14 samDle in KL W/ 2 scintillator were determined after successive 
O. OIcM 
3 
additions of HyOH from a calibrated micro-pipette. A cali- 
bration curve of R against CF on a semi-lcg scale was drawn. The 
quench correction for unknown samples was given by measuring their cpm 
in Channels I and 2. determining the value of R and finding the corres- 
ponding CF on the calibration curve. CF values between 1.42 and 1.47 
were calculated, The absolute activities of unknown samples containing 
HyOH were f ound by multiplying the value of r (the mean count rate) by %0 
the appropriate correction factor and dividing by 2.2 x 10 
6o 
The 
appropriate proportional calculations were employed to express the 
specific activities in terms of micro Curies mg dry weight -I. 
Results and Discussion 
The mean specific activity of the five samples measured using 
ýI 
the membrane-filter method was 0.024 micro Curies mg dry weig t 
with a coefficient of variation of 37,5%, The mean specific activity 
of the five samples measured after wet oxidation was 0.031 micro-Curies 
mg dry weight -I with a coefficient of variation of 28,49/o, At test 
was employed to shcAY that the difference between the mean values was 
not statistically significant, 
It was decided that wet oxidation was too involved and possessed 
too many sources of error for routine assay of carbon-14 in Lemna minor 
samples, and the membrane filter method was selected because it was 
simpler; quicker and provided results which were comparable with the 
mo re tedious wet oxidation method, 
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Self absorption of samples on the membrane filters was a source 
of error. It is assumed that self absorption was small because the 
tissue was extremely thin (less than 0.8mm) and the dry weight per 
filter was very small (less than 0.6 mg). Consequently, the measure- 
ment Of specific activities of samples, in terms of micro Curies mg 
dry weight, are used throughout this work as a relative estimate of 
carbon fixation by Lemna minor and algae. Relative rates of photo- 
synthesis are expressed in terms of micro Curies mg dry weight h-I. 
Preliminary experiments established that uptake of carbon-14 over 3-4h 
incubation periods was linear, and that dark fixation of carbon-14 was 
negligible. Considerations of isotopic effects and calculations of 
absolute amounts of 
12C 
assimilated were not thought to be relevant 
for the purpose of this work. 
CAPBON SOURCES USED IN PHOTOS'ZITTHESIS, OF LEMIA MINOR 
Introduction 
Submerged aquatic macrophytes and algae have two sources of inorganic 
carbon available for photosynthetic assimilation - aqueous or free 
carbon dioxide, and bicarbonate ions. The relative amount of these 
carbon sources in the water is dependent upon the pH controlled carbon 
dioxide-bicarbonate-carbonate equilibrium (Ruttner, 1963). The ability 
to utilise bicarbonate ions is variable among aquatic plants (Raven, 1970). 
In general it is thought that under normal condiditons submerged 
aquatic macrophytes and algae utilise free carbon dioxide, but when 
carbon dioxide concentrations become limiting, for example at alkaline 
pH values, the ability to convert to bicarbonate utilisation is of 
ecological advantage to those plants which possess this capacity (Wetzel, 
1975)* 
Lemna minor is a floating macrophyte, whose photosynthetic Itoissues 
are exposed to both the atmosphere and the water. There is no published 
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information on the carbon sources used in photosynthesis of Lemna minor 
but it is likely that the foliar organs can assimilate both aqueous 
and atmospheric sources of carbon, but the axial. organs are of little 
importance for the uptake of carbon from solution (Hillman, 1961). 
In this section, the results of experiments carried out to 
measure the relative rates of uptake of inorganic carbon from the 
medium and from the atmosphere by the axial and f oliar organs of Lemna 
minor are presented. On P. 140 a method was desdribed in which carbon-J4 
labelled bicarbonate was injected into the culture medium below floating 
fronds, and the carbon-14 assimilated was assayed on membrane filters 
usling liquid scintillation counting. This method was further developed 
so that the uptake of atmospheric and aqueous carbon could be disting- 
uished. 
Methods 
'Photosynthesis' flaskss similar in design to the 'wet oxidation' 
flasks (see figure 2.5) were prepared. A. flask is depicted in Fig, 2.6, 
Each flask, containing a centre wells an outer well and a side-arm 
plugged with a suba-seal stoppers was sterilized by autoclaving. 25cm3 
aliquots of sterile medium 2 were pipetted into the outer wells, Ten 
axenic -fronds of Lemna minor,, harvested from a liquid stock culture in 
exponential phase of growth, were ý 1hoculated into the outer wells of 
each flask. The flasks were placed on a bed of cotton wool in a 
Gallenkamp IH-490 incubator at a light intensity of 12000 lux, and a 
0, temperature of 20 C for 16h, Durin. g this period the mouths of the 
flasks were pluggea with cotton wool. After the I6h incubation period 
the cotton wool plugs of three f lasks were removed, and replaced with 
vaseline lined. rubber bungs, Through the centre of each bung was inserted 
3 
a graduated hypodermic syringes containing I. Ocm of sterile sodium 
14' 
bicarbonate solution (NaH CO 3) with an absolute activity of 10 micro 
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Figure 2,, 6 Photosynthesis flask 
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Curies. The concentration. of labelle'd bicarbonate was 0.013 mg cm -3 
To release carbon-14 labelled carbon dioxide into the atmosphere of 
each flaskq the sodium bicarbonate solution was injected into the centre 
well which contained I. Ocm 
3 
of sterile O. IM hydrochloric acid. In 
other flasks, 2. Ocm 
3 
of HyOH were pipetted into the inner wells and 
the flasks 'were plugged with vaseline lined rubber bungs. I. Ocm 
3 
of 
sodium bicarbonate solution, with an absolute activity of 10 micro Curies 
was injected into the culture medium below the fronds through the suba- 
seal stopper in the side-arm. In these flasks atmospheric carbon 
dioxide was absent due to absorption by the alkali in the outer wells, 
The fronds were incubated for 4 hours in the conditions described 
on page146-. The fronds were then removed, and the foliar and axial 
organs separated from each other by means of a razor blade. The 
specific activities of each sample were determined by liquid scint. 
illation counting of dried organs on membrane filters as described on 
page 140 - 
Results and Discussion 
Assuming that the uptake of carbon-14 over the f our hour period 
was linear, the average rate of uptake of carbon-14 initially supplied 
as an atmospheric source was 0.197 microCuries mg dry weight -I h-I 
a coefficient of variation of 30.9%. The average rate of uptake of 
carbon-14 supplied as an aqueous source was only 0.002 micro Curies mg 
dry weight -T h -I with a coefficient variation of 50.1%. At test was 
employed to shcw that the difference between the means was statistically 
significant (p = 0.001). 
Between 0,50/o and 3.201o of the total carbon-14 assimilatted, was 
detected in the axial organs of fronds initially supplied with an 
atmospheric source of labelled carbon. Between 1.2% and 5.8% of the 
total carbon-14 assimilated by the fronds from the aqueous source was 
detected in the axial organs. The foliar organs were therefore the 
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major organs of photosynthetic activity. 
The3o results suggest that under the conditions employed, the rate 
of carbon-14 uptake by the c3,. -Kýcxi organs was only up to about 0.05% of 
the rate of carbon-14 uptake by the -CcktciX organs, and that the rate of 
uptake from the atmospherically supplied source was about a hundred 
times greater than the rate of uptake from the aqueously supplied 
source., The relative differences in the rates of uptake of atmospheric 
and aqueous carbon by Lemna minor is probably due to the differences 
in the rates Of diffusion of carbon dioxide in air and water, and 
differences in the resistance to diffusion of carbon dioxide through 
the stomata in the aerial surfaces of the fronds and the cutinised 
epidermis on the lower surface of the fronds. The diffusion co- 
efficient of carbon dioxide in water is only about 10 -4 of that in air, 
and the diffusion coefficient of HCO-, in water is about one eighth 3 
that oC C-Qýz(Foggj 1968). The large number of chloroplasts foun6 in 
the foliar organs dompar6d to the axial organs is related to the greater 
photosynthetic activity of the former. 
From the point Of view of the epiphyton attached to the submerged 
surfaces of Lemna minor, these results are important because they 
suggest that the fronds can assimilate carbon from the atmosphere, 
but the epiphytic algae can assimilate carbon from the water, with 
little competition between the epiphyton and the fronds for available 
carbon sources, 
INFLUENCE OF pH ON PHOTOS YNTIMS IS :1 OF LEMNA MINOR AND EPIPHYTIC ALGAE 
-Introduction 
It has been shown above that under the conditions employed for 
growth of gnotobiotic cultures., Lemna minor utilised both aqueous and 
atmospheric sources of carbon, In these cultures the pH was 
initiallY 6,80, 
and both free carbon dioxide and bicarbonate ions would 
be available 
in the culture medium, In order to determine if Lemna minor and 
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epiphytic algae can utilise both forms of inorganic carbons it would 
be necessary to measure carbon-14 assimilation between pH values of 4, 
when carbon- dioxide would be the dominant carbon source., and 10, when 
bicarbonate would be the dominant carbon source. 
On page 3.32 it was discussed how Calothrix brevissima reduced the 
multiplication rate of Lemna minor fronds below'the rates found in 
axenic cultures of Lemna minor. It -was suggested that the alkal-ine 
pH values caused by the assimilating algal cells inhibited the multi- 
plication rate of the fronds. Inhibition of the photosynthesis of 
Lemna minor by alkaline pH values may have been a contributory factor. 
To establish the validity of this assumption, the relative rates of 
photosynthesis of Lemna minor and algal suspensions in cultures of known 
pH values between 4,0 and 10.0 were compared, 
-14ethod 
The pH of sterile 25cm 
3 
aliquots of medium 2 in photosynthesis 
flasks (figure 2.6) were adjusted to values of 4.0-10*0 . at I. 0 unit 
intervals, by aseptic addition of appropriate amounts oil O. I. ML sodium 
hydroxide or O, IM hydrochloric acid. 
The specific activities of axenic Lemna minor fronds, and axenic 
Calothrix parietina suspensions (containing about 0.5 mg dry weight of 
material) harvested from stock cultures in exponential growth phaseý 
were estimatod after incubation for Q with sodium bicarbonate solution 
with an absolute activitY of 10 micro Curies per flaskusing the method 
described on page 14A 
Three replicate estimates of the rates of uptake of carbon-14 
of the algal and frond samples from aqueous and atmospherically supplied 
carbon sources were obtained. 
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Figure 2-7 Relative rates of photosynthesis of Lemna minor 
media 
o.; 
&nd Calothrix brevinsima in culture different pH 
values 
. 22 
. 20 
e18 
16 
JO 
-p -14 
. 12 
10 
010 
. 808 
o6 
04 
ý, 02 
S. " 
.S 
S" 
S 
S 
" 
.... e0 
... 
0. 
"S. 
±± : ±'i. 10 _ytr a value of medium 
Lemna minor (Carbon supplied as atmospheriC' 
carbon dioxid e) ---- is *a&*# 
Lemna minor (Carbon supplied as bicarbonate ions 
in solution) -- A --c 
Calothrix brevissima (Carbon supplied as bicarbonate 
ions in solution) -o 
46789 
so 152 - 
Results 
The rates of uptake of carbon-14 by Lemna minor utilising aqueous 
and atmospheric sources of carbon-14 at different pH values are 
presented in Figure 2.7. It is shown that low p1l valuess (4 - 7) 
were optimum for carbon uptake from the atmosphere t and pH values of 
above 7 were severely inhibitory to carbon uptake. The relationship 
between the pH of the medium and the uptake of carbon from aqu- 
60usly supplied sources showed a different trend, Relative phot -o- 
synthetic rates decreased between pH 4.0 and 7.0. and at pH values 
exceeding 7.0 the rate of carbon uptake was severely inhibited. The 
rates of carbon-14 uptake by Calothrix parietina from the aqueous medium 
are given in Figure 2,7. The alga was able to utilise carbon-14 from 
the medium independently of pH between -the values of 7 and 9. with 
inhibition at lower 
Diis, cussion 
pH values, 
It has been shown that Calothrix brevissima photosynthesised at 
alkaline pH values which were severely inhibitory to the photosynthesis 
of Lemna minor. The high alkaline pH values would impose severall 
chemical effects upon the culture medium; the conversion of free carbon 
dioxide to bicarbonate and carbonate ions (Ruttner, I963)l the conversion 
of ammonia to ammonium hydroxide (Trussel, J972)9 and the decrease in 
the solubility of iron and orthophosphate compounds (Wetzel, 1975). 
pH exerts an effect on the electrical discharges at cell wall surfaces 0 
-ials of and on ion transport systcms and the associated membrane potent 
macrophyte cells (Hutchinson, 1975), pH may also influence enzyme 
action (Mc Lay p 1976). These effects may have combined to cause an 
inhibition of photosynthesis of Lemn-a minor at high pH values. 
The most dramatic reduction in the photosynthetic uptake of carbon 
14 occurred in cultures where the carbOn-I4 was supplied into the mediumv 
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and atmospheric carbon dioxide was absorbed by alkali. It is apparent 
that whilst Lemna minor could utilise small quantities of bicarbonate 
at pH values exceeding 8, the rates of uptake were exceedingly small 
compared with the rates of uptake by Calothrix brevissima, Thusq 
Calothrix brevissima a bicarbonate utiliser, which 
would explain the successful growth of this alga in gnotobiotic 
cultures whon growth of Lemna minor was inhibited by alkaline pH values. 
The caus-es of the increase in pH caused by assimilating algal 
cells is complex. Talling (1971.1976). found that rises in the pH of 
lake water to more than pH 10.0 in the late summer was a result of 
intense photosynthetic activities of the phytoplankton which caused 
depletion of inorganic carbon, Proctor (1957) reported that in cultures 
of Chlamydomonas reinhardi the pH rises to about 10 from an initial 
value of 7, and similar pH value rises occurred in culture3 of Chlamy. 
domonas glotfosum and Chlorococcum ellipsodeum (Kroes, 1971). Yongue 
and Cairns (1971) found that the pH values of the water in submerged 
sponges increased in Spring as a result of algall- photosynthesis. One 
factor which promotes pH increase is that when nitrate is utilised it 
becomes gradually replaced by bicarbonate, so that the pH rises and 
bicarbonate becomes the dominant anion (Wetzel, J975). 
The relev. ance of this information to the situation in natural 
ecosystems is difficult to define; because the culture media, the 
environmental conditions and the standing crops of organ-isms involved 
for growth and photosynthesis experiments were fundamentally different 
to those found in nature* The maximum pH value recorded in Westfield 
ponds was only 7.35, a value which was not severely inhibitory to the 
growth and photosynthesis of fronds in cultures. Howevert the results 
of these experiments suggest that the pH value and the forms of 
inorganic carbon employed for photosynthesis are extremely impbrtant 
factors to be considered in studying the growth and pholCosynthesis of 
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epiphytic algae on macrophyte surfaces in laboratory ecosystems. 
Previous work on the effects of pH on the growth of algae has unfortun. 
ately been restricted to studies on planktonic forms (Moss-, 1973). 
The algae employed could be categorised as eutrophic algae which grow 
above pH 9.0 and higher bicarbonate ion concentrations than oligo- 
trophic algae which would not grow above pH 8.6 - 8.85. In view of the 
PH changes which occur on the surfaces of macrophyte leaves as a result 
of assimilatory activities, further studiec on the effects of pH on 
the growth and photosynthesis of epiphytic algae would seem a profit- 
able line of enquiry. 
INFLUENCE OF NITRATE-NITROGEN SUPPLY ON PHOTOSYNTIFESI. S) OF LEMNA MINOR 
AND EPIPHYTIC ALGA. 8 
Introduction 
In Westfield ponds it was shown that the rapid growth phase of the 
Lemna minor population in spring and early summer was correlated with a 
decrease in the nitrate-nitrogen in the water. The reduction in 
nitrate-nitrogen was associated with an increase in the pH of the 
waters and changes in the morphology of the fronds and the relative 
abundance and taxonomic compositlon of the epiphyton. 
When fronds from nature were inoculated into enrichment media 
containing abundant supplies of nitrate-nitrogenj rapid growth of 
epiphytic algae occurred, both on the fronds and on the sides of the 
glass vessels. However, when nitrate-nitrogen concentrations in the 
media were reduceds the epiphytic growth was considerably less dense 
(see p. 13G). These experiments corroborated the hypothesis of Fitz- 
gerald (1969) that nitrate-nitrogen was important in controlling the 
epiphytic algal growth on macrophyte surfaces, 
In this sectiong the rates of uptake of carbon-14 by Lemna minor 
and axenic populations of algae at different nitrate-nitrogen concentra- 
tions are comparedg in order to establish if the photosynthesis of 
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Lemna minor is 'less affected by nitrogen limiting conditions than the 
photosynthesis of the algae. 
Methods 
The rates of uptake of carbon-14 by axenic populations of 
Gomphonema parvulum, Nitzschia palea, and Lemna minor in medium I, and 
Anabaena inaequalis* Calothrix brevissimal Pediastrum boryanum and Lemna 
minor in medium 2 were measured at ccncentrations of nitrate-nitrogen 
shown in Table 2, I6; (medium I= 40.0 mg dm -3 Ca(NO 3) 2' medium 2= 
101 
-3 mg dm KNO 3 
%and at zero concentrations of nitrate-nitrogen (Ca(NO 3)2 
replaced by CaCl 2 
in medium It KNO 3 replaced 
by KC1 in medium 2), 
Populations from axenic cultures in exponential growth phase were 
in-ocu-1-ated into 5cm 
3 
aliquots of sterile medium in photosynthesis 
flasks (see Irigure 2.6). The cultures were incubated 
for 4Eh in a 
Gallenkamp orbital incubator at a temporature of 20 
0C 
and a light 
intensity of 12000 lux. I, OCm 
3 
aliqUOtS of sodium bicarbonate solution 
were i. noculated through the side arm of each flask, each aliquot 
contained an absolute activitY Of J0.0I micro Curies. After 4h 
incubation under the conditions described above, the specific activities 
of each sample were determined after filtration onto membrane filters 
as described on p. 140- 
Results 
As shown in Table 2.16) significant differences occurred between 
the rates of uptake of carbon-14 by algal cellB exposed to zero concent- 
rations of nitrate-nitrogen and to concentrations off nitrate-nitrogen 
normally supplied to the media. Howevers the differences in the rate 
of uptake of carbon-J4 by fronds of Lemna minor in media of different 
nitrate-nitrogen concentrations were not statistically significant. 
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Table 2.16 Relative rates of uptake of carbon-14 by Lemna minor and algae 
in media of different nitrate-nitrogen concentrations 
Medium I+ 
0 mg 
x 
dm -3 
sd 
40 mg 
x 
dm ý3 
sd 
% difference 
between me---ns 
significance of 
difference (P) 
Gomphonema 
parvulum 0.080 0.006 O. J68 0,017 52 3', (Io 001 
Nitzschia 
palea 0.155 0.009 0.272 0,012 43.0% 001 
Lemna minor 0.112 0.010 0.120 0.026 6.6%, ns 
Medium 2++ 
Anabaena 
inaequalis 
Calothrix 
brevissima 
Pediastrum 
boryanum 
Lemna minor 
0 mg dm -3 101 mg dm -3 
0.094 0.009 0.235 0.005 60. CP/O 
0.062 0.008 0.159 0,015 61.0% 
0.121 0.012 0.435 0.036 3 1.4% 
0.097 0.092 0.178 0.087 45.5% 
. 001 
. 001 
. 00i 
na 
+ nitrate supplied as Ca(NO 3)2 
++ nitrate supplied as KNO 3 
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4 Reduction in the nitrate-nltrogen concentration of the medium for a 
period of 48h did not inhibit the photosynthetic activities of Lemna 
minor as much as the photosynthetic activities of the algae. 
Discussion 
This experiment has shown that the photosynthesis of the algae 
employed was very sensitive to ambient. concentrations of nitrate- 
nitrogen and that Lemna minor fronds photosynthesised at nitrate- 
nitrogen concentrations which inhibited algal photosynthesis,,, 
Most algae and macrophytes grow better with nitrate-nitrogen as 
their nitrogen source (Wetzel, 1975)9 although some algae, e. g. 
Chlamydomonas reinhardi, use mainly ammonium ions (Kroes, 1971). 
Fogg (1965) discussed the effects of transferring algal cells from a 
medium rich Jn nitrogen to a medium lacking nitrogen. A decline in 
photosynthetic activity can be directly related to exhaustion of 
nitrogen supply or to the production of metabolic products which inhibit 
photosynthesis under conditions of nitrogen deficiency, In the present 
investigation, the rates of carbon-14 fixation of algal cells subjected 
to nitrogen deficiency for 48h fell to between 27.8% and 56.9% of the 
rates under non-nitrogen deficient conditions. Fogg (1959) reported 
that on prolonged nitrogen starvation (40 days) the rate of photosyn- 
thesis of Monodus subterraneus f ell. to about 5% of the non-nitrogen 
starved rate, and the flow of carbon fixed was switched from protein 
synthesis to carbohydrate synthesis. 
With reference to the effects of nitrogen starvation on the growth 
and photosynthesis of epiphytic algae and Lemna minor in gnotobiotic 
cultures, discussed on p. 138 , these results are significant. They 
partly explain why enrichment cultures supplied with limited amounts 
of nitrate-nitrogen supported growth of Lemna minor and not growth of 
epiphytic algae. The photosynthesis of Lemna minor is apparently not 
D- in 0 
severely reduced by low nitrate-nitrogen concentrationsp whilst the 
photosynthesis of the algae apparently is.. under the laboratory conditions 
imposed. 
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CHAPTER 2.4 RELEASE OF EXTRACELLULAR PRODUCTS BY LEMNA MINOR AND 
THEIR I TRANSFER TO EPIPHYTIC ALGAE AND BACTERIA 
INTROJQ. TION 
Many studies have demonstrated that organic and inorganic substances 
accumulate in the water droplets on the leaves of terrestial plants, 
The greater proportion of these substances are derived from within the 
plants and pass through the epidermal and cuticular layers onto the 
external leaf surfaces. Some of these substances can be utilised as 
nutrient sources by epiphytic algae, fungi and bacteria, whilst Gthers 
may promote or inhibit microbial germination and growth. The importance 
of exudates of terrestial plants to the epiphytic microbial community 
was discussed by Last and Deighton (IP65), Tukey (1971), Dicl-Anson and 
Pearce (1976) and Godfrey (1976). Aquatic macrophytes also excrete 
substances into the aqueous mediums and Hutchinson (1975) and Wetzel 
(J975) reviewed the limited amount of information on the effects of 
macrophytic exudates on epiphytic algal and bacterial communities in 
freshwater ecosystems. 
According to Abdift (1950) and Duddington (1966), epiphytic algae 
simply employ macrophytic surfaces for structural support and do not 
gain any nutritional or other ecological advantages from the epiphytic 
habit. However, recent evidence suggests that epiphytic microbial 
communities in freshwater can be considered to live in loose symbiotic 
association with their macrophytic ho. stss because the algae and bacteria 
can ut. 4ilise certain macrophytic exudates as fortuitous and additional 
nutrient sources to supplement the nutrients provided from the external 
medium. Brock (1966) suggested that'freshwater epiphytic assemblages 
could be considered as analogous to the 'rhizospherel microbial commijnityg 
and that 'the trhizosphere effect's that is, the benefir- I or stimulatory 
effect of root exudates on the productivity of soil m tsms 
(Alexander, J961)q may be parallelled by tb- effects of 
. NO . 
exudates on microorganisms in aquatic systems. In this respectp Coler 
and Gunner (1969) noted that the population densities of sessile and 
planktonic bacteria and protozoa in the phyllosphere of Lemna minor 
in laboratory cultures were much greater than the densities f ound in 
the more distant regions surrounding the submerged portions of the 
fronds. It was suggested that organic exudates released as a result of 
metabolic activities of Lemna minor had a nutritive role in promoting 
microbial growth in the phyllosphere, Excretion of organic substances 
was not directly estimatedg but the detection of amino acids in the 
surface waters surrounding the fronds was circumstantial evidence for 
the occurence of a phenomenon similar to the Orhizosphere effect'. 
Strelc. -, yk and Miekzarek (1971) f ound that the rates of uptake of labelled 
phosphorus by epiphytic bacteria on the surfaces of the macrophyte 
Elodea were significantly greater than rates of uptake by planktonic 
bacteria. It was suggested that exudates from the macrophyte stimu , lated 
the assimilatory activities of the bacteria. Fry and Ramsey (1977) 
provided results which suggested that a probable source of nutrients 
for epiphytic bacteria on Elodea shoots was subtances leached from or 
excreted from the shoots. 
Release of substances into the external medium by various aquatic 
macrophytes has been reported. Wetzel (1969) and Wetzel and Manny (1971) 
examined excretion of carbon-14 labelled substances by Naias flexilis 
and Lemna 2urpusilla in axenic laboratory cultures, Organic loss from 
Najas in the light was considerable. Over 10% and sometimes cver 50P/o 
of the carbon-14 initially photo-assimilated was eventually excreted 
into the medium. The compounds excreted by Najas included glucoses 
with lesser amounts of sucroses fructoseq xylose and glycine. Wetzel. 
(1969) suggested that in nature these compounds could be utilised by 
epiphytic microorganisms on macrophytic surfaces before they were 
liberated into the aqueous medium* This speculation was formalised by 
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the work of Allen (I969a; J969bp J97j; 1972). Wetz3l and Allen (I97j) 
and Hough (1974), 
Allen (I97j) labelled Naj-as flexilis in axenic culture 'by photo. 
assimilation of carbon-14. Labelled plants were placed in the centre 
section of a chamber -constructed of three sections. The adjacent 
sections were separated by membrane filters. Cultures of the bacteria 
Caulobacter and Pseudomonas and the algae GomEhonema, Cyclotella and 
Chlorella, when placed into the chamber sections adjacent to the 
labelled macrophyte, utilised up to 0.015% of the labelled macrophyte 
exudate in short incubation periods, Assimilation of macrophytically 
released carbon-14 by epiphytic organisms was also examined in the 
field. The aerial portions of the emergent macrophyte Scirpus acutus 
in the littoral zone of a Michigan lake were labelled by uptake of 
carbon-14 labelled carbon dioxide, Up to 65% of the photosynthetically 
assimilated carbon-14 was released into Ithe water from the submerged 
portions of the shoots, Epiphytic algae$ bacteria and fungi removed 
from the submerged surfaces contained considerable quantities of 
carbon-14. A metabolic model of macrophyte-epiphyte interactions was 
proposed (Wet -zel and Allen, 1971) whose essential feature was the 
exchange of extracellular products between the macrophytes and the micro- 
phytes, The structure of the proposed models which included epiphytic 
microorganisms embedded within a muco-polysaccaride and calcium-carbonate 
encrusted matrix, was examined by stereoscan microscopy (Allanson, 1973). 
Hough (J974) provided further information on the release of carbon-14 
labelled substances by Najas. Labelled plants were placed in tubular 
glass chambers through which the medium was pumped, and the effluent 
medium was collected at intervals. Considerable amounts of photo- 
synIt. hetically assimilated carbon-14 were excreted into the effluent 
medium. Excretion in the light was to photorespiration, Loss 
of carbon dioxide was never appreciably greater in the light than in 
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the dark, and extensive re-fixation of respired carbon dioxide by the 
plants was indicated to occur in the light. --The effect of an epiphytic 
population of the diatom Gomphonema parvulum on carbon-14 excretion by 
Najas was minimal, but it was suggested that the diatoms may have 
assimilated the carbon-14 and rapidly excreted it, 
On deathp much organic and inorganic matter is lost from the cells 
of freshwater macrophytes due to autolysis and leaching (Otsuki and 
Wetzel, 1974; Mason and Bryant, I975b), it is probable that these 
substances could promote epiphytic algal and bacterial productivity 
(Willer, 1923; Ramsay,, J974). 
Nutritional exchanges between epiphytic algae and macrophytes have 
also been demonstrated in marine systems. Khailov and Burlakova, (I969) 
showed that dissolved organic matter released by marine macrophytic 
algae was distributed into littorine microbial communities, Harlin, 
(J973; 1975) demonstrated the trans., for of carbon-14 labelled substances 
between Ascophyllum nodosum and the epiphytic alga' Polysiphonia lanosa. 
Harlin (19733) found that Carbon-14 assimilated by Zostera marina- (eel- 
grass) was excreted and taken up by epiphytic algae, McRoy and Goering 
(1974) showed that carbon-14 absorbed by eelgrass roots was trans- 
located to the shoots, excreted and assimilated by epiphytic algae. 
It can be concluded from the work using carbon-14 as a tracer 
that exchanges of excreted organic and inorganic carbon between aquatic 
macrophytes and epiphytic algae and bacteria are important interactions 
which are probably prevalent in many more systems than have previously 
been studied. Consequently it was considered necessary to detect the 
excretion of cubstAnces by Lemna minor and determine if these substances 
had a role in the nutrition of epiphytic algae and bacteria, 
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EXCRETION OF CARBON-: I4 LABELLED SUBSTANCES BY LEMA MINOR 
Methods 
Six samples of Lemna minor containing ton fronds, harvested from 
an axenic liquid stock culture in exponential phase Of growthswere 
inoculated into sterile 'photosynthesis' flasks (sve fig. 2.6) 
containiiig 25cm 
3 
aliquots of medium 2. The cultures were incubated 
in a Gallenkamp IH-490 incubator for I6h at a light intensity of 12000 
lux and a temperature of 20 0 C. The flasks were shaking at 50 rpm. 
I. OCm 3 U14 ' aliquots of sodium hydroxide solution (Na t C03) with an absolute 
activity Of 10.0 micro Curies cm -3 were injected-into the centre wells 
of the flasks which contained 1,0 ml aliquots of 0.19 hydrochloric acid, 
The fronds were allowed to pho to-assimi late the carbon-14 released 
by acidification of bicarbonate for 2h in the conditions described above, 
The fronds were then removed, rinscd by shaking through I00cm 
3 
aliquots 
of sterile distilled water in 250cm 
3 
conical flasks, and inoculated' 
into 'excretion' flasks. An excretion flask is depicted in Figure 2,8. 
Each I00cm 
3 
Ehrlenmeyer flask contained 25cm 
3 
of sterile medium 2, 
and was sealed with a vaseline lined rubber bung and fitted with a side 
arm plugged with a suba-seal stopper. Three flasks were darkened with 
an aluminium foil cover, and three flasks were illuminated. Excretion 
of labelled substances into the 'cold' medium by the fronds was 
allowed for 4h'in the light and in the dark at a temperature of 20 
0c 
in the conditions described for incubation. I=ediately after inoc. - 
ulation of the frondsg and at Ih intervals . thereafter for 4hj I. Ocm 
3 
aliquots of medium were removed from each flask by means of a sterile 
hypodermic syringe inserted through the side arm. Each aliquot was 
injected into 9. Ocm 
3 
of KL 372 scintillatorp in a Wheaton vial, and its 
activity determined by liquid scintillation countingg as described on 
P. 141. After 4h, the fronds were removed and their specific activities 
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Figure 2,8 'Excretion flask' 
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determined after filtration onto Oxoid membrane filters as described 
on p. 140. 
The aliquots of culture media remaining in the excretion flasks 
were reduced to a pH value of 2.0 by addition of I. Ocm 
3 
of orthophosphoric 
acid. The release of carbon-14 labelled carbon dioxide from the media 
in a fume cupboard was assisted by bubbling sterile (cotton wool 
filtered) air from a Hi-Flo pump through the media for about Ih. The 
activities of I, Ocm 
3 
aliquots of the acidified media were then determined 
by liquid scint -illation counting as described above, 
The amount of carbon-14 excreted into the medium was estimated 
, using appropriate proportional Calculations, so that relative amounts 
of extracellular products, in terms of percentage of carbon-14 initially 
fixed and micro-Curies of carbon-14 per unit dry weight of macrophytey 
could be detemined. 
Results 
Excretion of carbon-14 labelled substances by Lemna minor into 
sterile medium 2 in the light and in the dark are shown in fig, 2,9, 
After 4h in the light, between I, 49/o and 8,9016 of the carbon-14 initially 
photo-assimilated by the fronds had been excreted into the medium, i. e. 
0.003 - 0.024 micro Curies mg dry weight-I. Excretion was most rapid 
-Pter excretion declined, in the first I- 2h of the time course, and thereal 
After 4h Jin the dark, between 7,4% and 12.59/o of the carbon-14 
initially photo-as'similated had been excreted into the mediums i. e. 
0,034 - 0,054 micro Curies mg dry weight 
-I 
. The rate of excretion was 
approximately twice that in the light. The greatest rate of excretion 
occurred-in the first two hours of the time course* 
64. IO/o to 72,30/o of the initial activity was removed by acidification 
of the media containing carbon-14 labelled products excreted 
in the 
light. 79.9% to 82,3yo of the initial activity was removed by acidification 
of the media containing carbon-14 labelled products excreted 
in the dark. 
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Figure 2,9 Excretion Ot carbon 14 labelled extracellular products 
-in the culture medium by axenic LeTma minor in the light and in the 
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Therefore the proportions of label in the medium which represented the 
acid stable organic fraction were 27.7% - 35.6% in the light, and 17.7ý&. 
20.1% in the dark. The organic fraction excreted in the light was 0.5% 
to 3.6% of the carbon-14 initially photoassimilated. The organic 
fraction excreted in the dark was 0.5yo to 2.8% of the carbon initially 
photoassimilated. 
. 
UTILISATION OF CARBON-I4 LABELLED EXTRACELLULAR PRODUCTS OF LEMNA IIIINOR 
BY ALGAE ANb-'DACTERIA 
Methods 
Fourteen flasks containing 25cm 
3 
of sterile medium 2 into which 
carbon-14 labelled extracellular products had been excreted by axenic 
Lemna minor fronds as described - above - were prepared. 7 flasks 
contained products excreted in the dark and 7 flasks contained products 
excreted in the light. Thefývnds were removed, filtered onto membrane 
filters, and their specific activities determined by liquid scintillation 
counting as described on p. L4-O Suspensions containing 0.28 - 0.51 
mg dry weight of cells were -inoculated 
into each flask. The suspensions 
employed were axenic populations of Calothrix brevissima, Nostoc 
. 129ýludosum,. 
Gomphonema . parvulum. Anabaena inaequalis and Pseudomonas sp. 
I 
and non-axenic populations of Oscillatoria sp, and Stigeocloneum 
farctumf After incubation for 2h in the dark (flasks covered in 
aluminium foil) and in the light (light intensity 12000 lux) at a 
temperature of 20 
0C in a GallenkamP incubator shaking at 50 rpm, the 
algal and/or bacterial suspensions were filtered onto membrane filters 
and their specific activities determined by liquid scintillation 
counting as described on p. 140., 
Results 
Table 2. J7 shows the percentages of the labelled extracellular 
product in the medium which was taken up by the algae and the bacteria, 
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and also the percentage of the label initially assimilated by the 
Lemna minor which eventually was taken up by the algae and bacteria. 
Percentages are employed for comparitive purposes because of the 
great variations in the amount of extracellular products produced by 
replicate samples, of fronds. 
Table 2.17 Percentages of carbon-. "Lr4 label assimilated by epiphytic 
algae and bacteria 
% taken up % of label initially 
++ 
from medium taken up by Lemna 
LDLD 
Calothrix brevissima 0.22 0,41 . 006 . 022 . -o2 
Nlostoc palludosum 0.29 0.29 
Gomphonema parvulum 0.07 0.23 
Anabaena inaequalis 0.16 0.26 
Pseudomonas spo 1.30 1.65 
Oscillatoria sp. 0.51 1.02 
Stigeocloneum farctum. 0.57 0.65 
Legend: + Total cpm inorganisms x 100 Total cpm in medium 
++ Total cpm in organisms x NO 
cpm assimilated by Lemna 
L= Light D= dark 
. 009 . 0ig 
. 004 018 
. 006 . 022 
. 047 108 
. 022 . 084 
. 0ig . 041 
Axenic populations of algae consumed between 0.07% and 0.57% of 
ýLO2% of 'he product the product excreted in the lightl and 0.230/0 to k %I 
excreted in the dark. These values represent between 0.004% and 0.084% 
of the carbon-14 which was initially photo-assimilated by the fronds. 
Pseudom2na§--s-P. 9 the bacteriuml assimilated the greatest amount of 
labelled products, representing over 18 times the amount of label 
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assimilated by Gomphonema parvulum in the light, and 7 times the amount 
of label assimilated by Gomphonema parvulum in the dark. The non-axenic 
(bacterized) algal cultures consumed over twice the amount of label than 
did the axenic cultures. In all cases the amount of label found in 
algal and bacterial suspensions which assimilated extracellular products 
in the light was less than the amount of label assimilated in the dark. 
Discussion 
The information presented suggests that the algae and bacteria 
emPloyed were able to utilise the carbon-14 labelled extracellular 
products of Lemna minor. 
Excretion of carbon-14 labelled substances occurred as a result 
of respiration - to produce carbon dioxide5 and photorespiration - to 
produce organic substances. There is no published information on the 
types of organic substances excreted by Lemna minor, but they are 
probably -cLp-r*i of glycolic" acid 
(Hough, 1974). 
It was found that bacteria assimilated a greater amount of label 
than did the algae. Allen (1971) similarly found that bacteria took 
up greater amounts of labelled product from Najas flexilis than did 
algae. This suggests that competition between algae and bacteria for 
the extracellular products occur, and the bacteria, possessing more 
efficient mechanisms of heterotrophic metabolisms are the most success- 
ful. Bacterized cultures of algae and bacteria assimilated more of 
the extracellular products, than did axenic cultures. This suggests 
that a possible symbiotic relationship exists between the algae and 
the 
bacteria, in which the bacteria break down the organic components into 
substances which are readily assimilable by the algae. Allen 
(1971) 
also detected this relationship. 
Excretion of substances by Lemna minor in the dark proceeded at 
greater rate than in the light; and in the light, refixation of 
excreted carbon dioxide probably occurred (Hough, 1974). The amount 
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of label excreted into the medium by the fronds only represents part 
of the gross excretion product. Presumably carbon dioxide is released 
into the atmosphere from the aerial portions of the foliar organs. 
The reasons why the amount of caxbon 14 excreted into the medium 
by Lemna minor in the dark exceeded the amount excreted in the. light are 
obscure. Insufficient information is available on the factors controlling 
the biochemical processes of photorespiration and respiration in 
Lemna minor to assist the interpretation of the data. However, the 
results are consistent with the findings of other investigators ( Allen 
1971; Wetzel & Manny 1972; Hough 1974), that macrophytes tend to 
excrete more dissolved substances in-to the growta medium under conditions 
of low illumination and darkness. In the light is is possible that 
extensive refixation of carbon dioxide excreted -occurs 
(Hough 1974) such 
that the amount detected in the medium is not the total amount excreted. 
In addition, the method employed to assay excretion of carbon 14 from 
Lem-na minor was subject to errors, because unknown and variable 
amounts of products exci-eted by the cells may have been trapped within 
the air spaces of the plant tissue, and the amount of label 1-Lberated 
into the atmosphere was not estimated. Consequently it is very difficult 
to make any definite conclusions cn the physiology of excretion of 
extraeellula. r products by Lemna minor using the limited data available. 
It was found that algae and bacteria assimilated a greater percentage 
of the label excreted by Lemna minor in the dark than the amount excreted 
in the light. Allen (1971) found similarly that in short periods of 
incubation of algae and bacteria with carbon 14 labelled products of 
Najas flexilisq the rate of dark assimilation was greater than the rate 
of light mediated assimilation, It was suggested that greater amounts 
of the label were taken up in the dark because a greater proportion of 
more readily assimilable substances may have been exe-reted by Was 
in the dark. Hough (1974) suggested that a, population of the diatomp 
Gomphonema 12arvulumo could rapidly excrete macrophytic excretion productst 
such that the rate of excretion by the algae was greater than the rate of 
uptake. The data available seems to suggest that dark fixation of 
extracellular products of macrophytes by epiphytic algae and bacteria is 
more efficient than uptake of products in the lightq but the biochemical 
and physiological bases for these phenomena have not been given sufficient 
attention, It is apparent that much more information is required on 
the mechanisms of uptake of extracellulax products of aquatic macrophytes 
by epiphytic microorganisms under different controlled conditions, 
proof of this nutritional interaction in nature would have great 
ecological significance. 
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CHAPTER 2.5 
Introduction 
ANTIBIOTIC EFFECTS OF LEMNA MINOR ON EPIPHYTIC ALGAE 
A distinct inhibition of phytoplankton productivity can occur in 
the regions of dense growths of aquatic macrophytes in the littoral 
zones of lakes (Hasler and Jones, 1949; Hogetsu, O'kamishi and Sigawara, 
1960; Goulder, 1969; Fitzgerald, 1969). It has therefore been speculated 0 
Avity in freshwater ecosystems may be to some that phytoplankton product 
extent controlled by antagonistic interactions with higher plants. 
Proposed antagonistic mechanisms include macrophytic release of anti- 
biotic substances and competition between macrophytes and algae for 
limiting light and nutrient sou--ces (Penfounds 1956; Wetzel, 1975). 
11any authors have recorded that the most actively growing regions 
of aquatic macrophytes are less densely populated with epiphyton than 
the slower growing, senescent or dead organs (Willer, 1923; Fritschl I93I*q 
Godivard, 1934; Hutchinson, 1975). In Chapter 1.2 of this thesis it was 
reported that the young daughter fronds of Lemna minor supported very 
few epiphytic algae compared with the mature mother Ironds. Tif f any 
( 1957) stated that the shoots of TyEha, Acorus end Polygonum were 
rarely colonised by epiphyton. Hynes (1970) noted that Potomogeton 
pectinatus supported little epiphyton. Macer-Wright 
(1973) found that 
Lemna minor and Ceratophyllum were not as densely populated with 
epiphyton as other macrophytes. Bowker and Denny 
(I976a) reported that 
shoots of Paspalidium supported a denser epiiphytton than shoots of 
Cyperus and Typha. In Chapter I. I of this thesis it was shown 
that the 
epiphyton on shoots of Carex was less dense than 
the epiphyton on shoots 
of Phragmites and Schoenoplectus. The differences between the relative 
abundance of epiphyton established on different macrophytic organs and 
different macrophyte species could be used as circumstantial evidence 
to suggest that the amount of epiphyton may 
be controlled by the release 
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of algicidal or algistatic substances by the macrophytes. 
Chemical suppresion of bact -eria and fungi by exudates of terres'Lial 
plants is well known (Rice., 1973). Szczepanski (1977) discussed the 
possibility that allelopathy could be employed to control the growth of 
aquatic weedss but in general there is little information available on 
the excretion of toxic substances by macrophytes. Stangenburg (1969) 
found that extracts f rom Lemna minor inhibited the growth of the 
sewage bacterium Sphaerotilus natans but the extracts were not effective 
against Escherichia, Sarcina and Staphylococcus. Sug Abdul--Hajj and 
Staba (cited by Hutchinson, 1975) found that extracts of Nymphea and 
Nu-phar were active against the bacteria Staphylococcus aureus and . Aý 
Mycobacterium smegmatis. The antibiotic substances in Nymphea extracts 
were characterised as tannic acid, gallic acid and methyl gallate. 
Whilst it is apparent from the literature that certain aouatic 
macrophytes can release substances which are toxic to bacteria, there 
is no evidence to suggest that these cubstances are toxic to planktonic 
or epiphytic algae. The inhibition of algal production in the vicinity 
of assimilating Macrophyte tissues may be explained in terms of 
competition for limiting factors such as light (Wetzel, 1975) or 
inorganic nutrients such as nitrogen supply (Fitzgerald, 1969). In 
previous sections of this thesis these competitive interactions were 
discussed, but in this section the possibility that Lemna minor could 
excrete algicidal or algistatic substances is considered. 
Many workers have employed biological assays to test the toxicity 
of substances to algae. The use of assays employing algae growing on 
agar-solidified media is very common. The potentially toxic substance 
is contained in a small filter-disc or pipetted into a depression in 
the agar. inhibitio n of algal growth by the substance produces a clear 
zone in the algal lavin around the site of the substance 
(Toohey, Nelson 
and Krotkovj 1965; Ikawal Ma., Hecker and Davis, 1969; Thomas, Buckley 
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and Sullivan, 1973; Wright, 1975). TIfe assays depend upon the funda- 
mental property that the size of the inhibition zone is proportional 
to the concentration of the toxic substance. The rate of diffusion of 
the substance through agar is also important. 
Algae have also been employed to locate toxic materials on 
thin layer chromatography plates. Helling, Kaufmann and Dieter (1971) 
produced a mono-layer of Chlorella cells on plates after chromatographic 
separation of pesticides. The toxic substances showed up as clear 
areas in the algal films. Pillay and Tchan (1967) and Etherington (1975) 
used a filter disc assay where an algal jnoculum. was placed on a disc 
in contact with soil saturated with test substances. 
The methods required for testing the toxicity of substances to 
algae have been developeds but there has been no previous investigation 
of the toxicity of excretion products of aquatic macrophytes to epiphytic 
algae using these methods. In this chapter the results of an investi- 
gation. to test the antibiotic properties of Lemna minor on algae are 
pre-sented,, 
Methods 
Sterile agar plates in petri-dishes were prepared containing 
medium I (for diatoms) or medium 2 (for chlorophytes and cyanophytes) 
solidified with 211o agar. A lawn of uni-algal culture was seeded onto 
each plate using a sterile glass spreading rod. Two discs of agar of 
diameter. 6.0mm were cut out of each plate using a sterilised brass 
cork-borer, and the discs were lifted out with a sterile needle. Two 
drops of melted agar were added to seal the bottoms of each depression. 
0,25cm 
3 
aliquots of test solutions3 whose pH had been adjusted aseptically 
t. o6.8 were pipetted into the depressions. The test solutions employed 
were as follows: - (I) sterile culture filtrate obtained from a 
liquid 
stock culture of Lemna minor in exponential phase of growth, 
(2) sterile 
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culture filtrate obtained from a liquid stock culture of Lemna minor in 
a stationary phase of growth, (3) sterile culture filtrate of Lemna minor 
obtained from a culture which had been grown in the absence of a source 
of nitrate-nitrogen, (4) a homogenate made from macerating about 0.5g 
fresh weight of Lemna minor obtained from a liquid stock culture in 
exponential phase of 6rowth. The tissue was macerated in about jOcm3 
of orthophosphate buf f er (pH 7.2) 2 centrifuged at x2000 rpm -ý and the 
supernatant was decanted off to provide the homogenate, (5) a second 
homogenate prepared from fronds grown in the absence of a source of 
nitrate-nitrogen. Plates were also prepared without depressions, in 
which fronds from cultures in exponential Or stationary phase of growths 
or nitrogen deficient fronds, were placed directly onto the algal 
lawns. All of the 43 algal species listed in Table '2#8 (Vith the 
exception of Cocconeis placentula) were employed in the assays. 
'the cultures were incubated for 20 days under the following 
conditions: - (a) under a bank of Atlas white : fluorescent tubes at a 
-; ght intensity of 10000 lux and ambient laboratory temp- continuous 1. 
eratures of 18-22 
0 C, or (b) in a Gallenkamp IH-490 cooled non-shaking 
incubator at a temperature of 6-8 
0C 
and a light intensity of 1800 lux 
with a 12h light and 12h dark photoperiod. 
The cultures were examined at daily intervals for inhibition 
zones around the sites of the test substances. A lumiscope stereoscan 
microscope was employed to examine the algal growth around fronds of 
Lemna minor, and to measure the diameters of the inhibition zones if 
present. 
Results 
Inhibition zones were not recorded around the edges of the 
depressions containing culture filtrates or homogenates from Lemna 
minor cultures, In many cases, the algae grew within the depressions. 
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However, inhibition of the growth of Nitzschia pal0a, Pediastrum 
boryanum, Scenedesmus quadricauda and Chl-orella pyrencidosa occurred 
around the foliar organs of Lemna minor on agar plates incubated at 
a light intensity of JOOOO lux and a temperature of 18 - 22 
0 C. The 
diameter of the inhibition zones ranged from 0.9 - 6.5 mm. The edges 
of the zones were not clear but diffuse. 
on all plates. 
Discussion 
Clear zoncs were not produced 
The investigation did not conclusively prove the presence or 
absence of toxic substances released by Lemna minor which were active 
against algae. The inhibition zones produced around the foliar organs 
of Lemna minor on agar may have been a result ok. light shading or 
localised competition for inorganic nutrients. When the experiment 
was replicated the sizes of the zones were not reproducible, and in 
some replicates the zones did not appear at all. This phenomenon -'. 
requires further investigation, and this chapter emphasises the state- 
m-ent of Lund (1965). that 'chemical inhibition is as easy to suggest 
as it is difficult to Drove'. 
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CHAPTER 3.1 
INTRODUCTION 
FACTORS WHICH CONTROL THE DISTRIBUTION, RELATIVE 
ABUNDANCE9 TAXONOMIC COMPOSITION, PHOTOSYNTHESIS AND 
NUTRITION OF EPIPHYTIC ALGAE ' 
This thesis has been mainly, concerned with some of the factors 
which control the distributions relative abundances taxonomic composition# 
and nutrition of epiphytic algae in natural and artificial freshwater 
ecosystems, Special emphasis has been put upon interactions between 
macrophytes and epiphytic algae because of the lack of previous infor. m- 
ation on this subject. It is difficult to review the effects of each 
factor separately, but an attempt is made here to do so by bringing 
together conclusions generated from studies on both natural and 
artificial ecosystems. The limitations of the work, and suggestions 
for further work are also discussed. 
Physical; chemical and biological factors are discussed below. 
An attempt has been made to proceed from rela, 41 tively simple factors to 
those which are more complex. This grading is an oversimplification, 
because many fl"actors interact in nature, but the aim of this thesis 
has been to provide a relatively simple view of a very complex problem. 
PHYSICAL FACTORS 
Lif, ht and temperature 
The influence of light and temperature on the growth, distribution 
and productivity of aquatic macrophytes and algae is a very important 
area of research. It is difficult to separate the effects of light 
from temperature because of their interrelations in photosynthesis. 
The role of light and temperature in determining the seasonal 
periodicity of algae and the developmental cycles of aquatic macrophytes 
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freshwater has been discussed elseWhere frequently. Diatom maxima 
in spring, and chlorophyte and cyanophyte maxima in summer and autumn 
in the phytoplankton and periphyton of eutrophic temperate waters is a 
well documented phenomenon$ and spring and summer growth of macrophytes 
followed by autum4al decay is well known in temperate freshwater eco- 
systems. The. most mexieral and feasible explanation for these seasonal 0 
cycles is that seasonal fluctuations in light and temperature are 
directly related to the growth responses of the plants (assuming no 
other factors are limiting). Light and temperature were therefore taken 
into consideration when interpreting data on the growth of Lemna minor 
and the relative abundances and taxonomic composition of the epiphyton 
in the natural and artificial ecosystems which were investigated. 
Rejuvenation of senescent fronds of Lemna minor in spring and rapid 
multiplication of the fronds in early summer could be related to the 
season&l increase in temperature and light intensity and duration. The 
onset of senescence and the lack of multiplication of fronds in winter 
was related to the limiting effects of decreased temperature and light. 
In the epiph. vton community; certain algae apparently preferred lower 
light intensities and tenperatures. The cyanophyýe Schizothrix sp I 
the chlorophytes Gongrosira sp. , Hormidium s-D. t Microt"hamnion kutzing- 
ianum and Ulvella frequens, and the diatoms Achnanthes lanceolata, 
A. mi-nutissimal Amphora ovalis, Cymbella ventricosal Epithemia turgida, 
Fragilaria capucina and Navicula huMarica produced seasonal maxima 
on Leinna fronds in early spring when water temperatures were below 10 
oce 
Clost-arium sp.: Microthamnion kutzingianums Ulvella frequens, Amphora 
ovalis, Epithemia turgida and Navicula sp. would only grow in enrich- 
ment cu-. 1-tures in the laboratory incubated at temperatures between 6-80C 
and light intensities. of 0- 1800 lux. In contrast, some members of 
the epiphyton, especially the cyanophytes; became numerous in summer 
when water temperatures increased to 21 
0C 
and light intensities and 
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day lengths reached maximum values. The cyanophytes Anabaena inaequ-aliS, 
Nostoc spp. , Tolypothrix sp. , Oscillatoria. spp. v and Phormidium spp. I 
grew well in enrichment cultures in the laboratory at temperatures from 
12 - 26 
0C 
and light intensities up to 8000 lux, whilst many diatoms and 
chlorophytes did not grow under these conditions. Some epiphytic algae 
I 
were apparently indifferent to the ranges of light intensity and 
temperature found in nature and exposed to in cultures. For example, 
Gomphonema_ sp, Cocconeis placentula and Nitzschia palea were found 
in the epiphyton on Lemna minor throughout the year, and grew in enrich- 
ment cultures incubated at temperatures of 6- 26 
0C 
and light intensities 
of 0- 8000 lux (however, Cocconeis was rare in nature during summer, 
and would not grow in uni-algal cultures at a light intensity of 12000 
lux) which suggests that this diatom is not tolerant of higher light 
intensities). 
The epiphytic algal environment can be generally considered as, a 
shade habitat, an environment which may be subjected to the mechanical 
screening of light by macrophytic shoots. The result is that the light 
climate surrounding the epiphyton is exceedingly complex, and therefore 
the effects of macrophyte shading on the productivity of epiphyton has 
received cursory attention. Information was provided in this thesis to 
suggest that a negative correlation existed between the population 
densities of epiphyton and the densities of emergent macrophytes in 
the littoral, zone of Windermere. It was concluded that the dense 
emergent stands shaded the light transmitted to the epiphyton and there- 
fore resulted in lower algal productivity. This hypothesis was sub. - 
stantiated from the results of other investigators, It was found that 
some epiphytic algal taxa were most numerous in dense emergent 
vegetations eg. . Eunotia lunaris, E. veneris and Frustulia rhomboides. 
Presumably these diatoms were tolerant of the shaded conditions found 
amongst dense strands of Carex, Most taxa were less tolerant of shade, 
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especially Chamaesiphon cylindricus, Lyngbya purpurascens, Gomphonema 
olivaceum, Achnanthes minutissima, Gomphon_ema constrictum and Oscillatoria 
splendida, which were most numerous amongst diffuse stands of Phragmites. 
The relationship between light shading of macrophytic shoots and 
epiphyton distribution is, however, complicated because the distribution 
of the algae may have been simultaneously controlled by other factors, 
such as erosion, grazing or macrophytic topography and exudates, The 
investigation was limited to a study of a single sampling site at one 
time of year. It is suggested that a more comprehensive survey, to 
"I 
relate the growth of epiphyton and emergent macrophytes at different 
times of year would provide a more complete understanding of the 
factors controlling epiphyton distribution in this type of ecosystem. 
The seasonal investigation of the epiphyton on Lemna minor provided 
some information on the distribution of epiphytic algae in relation to 
light. It was suggested that motile zoospores of the chlorophytes 
Aphanochaete, Chaetosphaeridiums Coleochaete, Gongrosiraq Hormidiump 
Microtha-mnion, Oedogoniums Protoderma and Stigeocloneum were photo- 
tactic and therefore settled in the better illuminated parts of the 
phyllosphere. Phototaxis explained. the selective distribution of these 
chlorophytes on the marginal edges of the foliar organs. Controlled 
experiments using laboratory cultures would be required to substantiate 
or negate this hypothesis because other factors such as aero-taxis, 
chemo-taxis, or the effects of macrophytic topography may have been 
acting to bring about the marginal pattern of settlement. Vertical 
migration of motile zoospores was noted in uni-algal cultures of sporu- 
lating Stigeocloneum farctum in the light, which suggests that a tactic 
mechanism was involved, 
No indication was provided in this thesis on the effects of light 
shading by epiphyton on the growth and photosynthesis of macrophytes. 
Spence (J974) reviewed the effects of light on macrophyte growth and 
distribution in lakes and discussed the detrimental effects of the 
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phytoplankton on macrophytes as a result of competition for light. 
Little attention was given to the effects of epiphyton on macrophytes 
because of the complexity of the interactions, and because of the lack 
of data on the subject. However, it is apparent that epiphyton may 
significantly reduce the amount of photosynthetically available light 
transmitted to macropnyte shoots, thereby reducing macrophyte photo- 
synthesis. Mathieson and Mathieson (1976) cited by Sand-Jensen (1977) 
suggested that the development of a dense epiphyton on submerged 
macrophyte shoots can impose severe stress on the macrophytes, and 
that in eutrophic lakes the epiphyton may be responsible for the total 
I 
disappearance of the submerged vegetation. Sand-Jensen (1977) suggested 
that the epiphyton had an adverse effect on the photosynthesis of the 
marine macrophyte Zostera marina, and this hypcthesis was tested by a 
series of experiments carried out on material collected from nature. 
Epiphytic diatoms inhibited photosynthesis of Zostera by as much as 45P/o. 
Inhibition was greatest at low bicarbonate concentrations and low 
light intensities. Inhibition of photosynthesis decreased at higher 
bicarbonate concentrations and light intensities. Inhibition Of 
macrophyte photosynthesis probably occurred as a result of the epiphyton 
acting as a barrier to light and carbon uptake. Competition for 
light and carbon as demonstrated between Zostera marina and diatoms may 
be prevalent in other macrophyte-epiphyte communities. However# 
Lemna minor is a floating macrophyte and its aerial surfaces are 
relatively uncolonised by epiphyton during vegetative growth. 
Conseque- 
ntly it is unlLkely that epiphyton is responsible 
'. or significant 4 
light shading of Lemna minor and therefore this aspect was not considered 
in this thesis. 
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Type, are and topography of substratum 
The properties of the substratum would initially appear to be 
important factors to which the distribution, species composition and 
relative abundance of periphyton could be related. However, surveys 
of naturally established communities have revealed that many sessile 
algae are indifferent to the nature of the substratum upon which they 
develop. In generals stable surfaces such as rocks and submerged logs 
support a denser growth of periphyton than more unstable surfaces, such 
as aquatic macrophytes, sand and mud (Hutchinsong 1975). Rock surfaces 
are more permanent features of freshwater ecosystems and therefore 
rocks generally- accumulate a greater density of periphyton than the 
more transient macrophytic substrata (Ruttners J963). HutIchinson (1975) 
considered that becau8e the differences between the periphyton on 
different surfaces were often only quantitative rather than qualitatives 
the accepted segregation of the periphyton community into epiphytic 
and epilithic categories was largely a classification of convenience 
and was not based upon data on the niche specificities of different 
algae. It was suggested therefore that the division of the periphyton 
into only two categories; the haptobenthos (growing on solid surfaces 
such as macrophyte shoots; rocks and wood) and the herpobenthos 
(growing on or in sand and mud) was a more ecologically valid segregation. 1. > 
The distinction was made because the epipsammon and epipelon, living 
amongst sand grains and mud respectively, are communities * which 
have 
been found to be qualitatively distinct from. and not recruited from, the 
epiphyton and epilitbon (Lund, 1942). Using Hutchinson's system of 
periphytoft classification it would appear to be a perfunctory and 
illogical d istinction to describe an alga as epilithic if it lives on 
a rock surface and epiphytic if it lives on a macrophyte surface. 
Howeverg the distinction is probably valid because of the points raised 
by this thesis. An algal taxon living in the epiphyton is subjected to 
an environment which is partly controlled by the topography, physiology 
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and development of the macrophyte upon-which the alga is borne. The 
same algal taxon living in the epilithon is exposed to a different 
environment which is not controlled by maqrophytic activities, It is 
suggested that even if an algal taxon can successfully live apart 
from a macrophyte surface in nature, this does not preclude any 
epiphytic association, however casual and fortuitous, from having a 
great ecological significance. The interaction between the alga. and 
the macrophyte, which may seem of marginall physiological significance 
I 
when considered in isolation, may assume an overriding ecological 
significance when considered in the context of the primary and secondary 
productivity of the whole freshwater ecosystem, It is therefore 
considered that the distinction between the epiphyton living on a 
macrophyte surface and the epilithon living on a rock surface should 
be retained, and the grouping of epiphyton and epilithon under. the 
heading of haptobentbos is not ecologically valid. The validity of this 
suggestion is based upon data provided from studies of natural 
assemblages of periphyton. Factors controlling the distribution of 
epilithon on rock surfaces include the degree of wave action, the 
fluctuations in water-level, and to some extent the topography and 
chemical composition of the rock (Round, J973). Howevers the phyllos- 
phere of an aquatic macrophyte provides a much more complex. environment 
to which the distribution of epiphyton can be related. The phyllosphere 
of Lemna minor as shown in this thesis, furnished a wide variety of 
suitable and unsuitable habitats for epiphytic algal attachment and 
development. It was found that the aerial and submerged surfaces of 
the foliar organs, the marginal and central zones of the foliar organs 
and the proximal, distal and terminal zones of the axial organs 
supported quantitatively and qualitatively different epiphytic algal 
associationsq depending on the age of the fronds, the rate of growth of 
the fronds, and the external environmental conditions. The topoGraphy 
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and chemical composition of the frond surfaces were considered to be 
important criteria to which the distribution of epiphyton on Lemna 
minor could be related. Many taxa were eurytopically. distributed on 
the surfaces of dead or senescent fronds in nature, but restricted to 
the submerged surfaces Of living fronds. The heavily cutinised aerial 
surface of floating foliar organs which were exposed to the atmosphere, 
were not a suitable environment for the development of epiphyton.. 
Epiphytic algae only settled on the aerial surfaces of dead or senescent v 
fronds. 
Algae which were morphologically adapted f or relatively perm- 
anent sessile existence in their vegetative phases were most prevalent 
on the smooth undersides of the foliar organs of living fronds. Algae 
which possessed a prostrate thallus closely appressed to the leaf 
surface, e. g. j Stigeocloneum farctum, Aphanochaete repensl Chaetosph- 
aeridium globosum2 Gongrosira sp., 1%. 'oleochaete scutata, Protoderma 
viride, Microthamnion kutzingianum, Hormidium sp., Anabaena inaequalis, 
Nostoc sppi, Ulvella frequens and Cocconeis placentula were numerous on 
the undersides of the foliar organs of Lemna minor. Cells of these 
algae tended to groxv in the depressions between adjacent epider-mal 
cells of the macrophyte. On the other hand, the rough and irregular 
I 
non-Cutinised surfaces of the proximal and distal zones of the axial 
organs selectively supported attachment of algae which were loosely 
associated to the substratum by means of a basal attachment cell, e. g. 
Oscillatoria spp. and Phormidium, spp. and algae which possessed no 
apparent morphological adaptation to the sessile habit, e. g, Spirogyra sp. 
In cultures of Lemna minor and algae prepared under laboratory 
conditionst most algal taxa. studied (excluding Oedogonium spp. , Coleo- 
chaete scutata and Navicula sp. ), produced greater standing crops 
-2 (in terms of mg dry weight mn, , or mg dry weight mg dry weight macro- 
phyte -I ) on the axial organs than on the foliar organs. Cyanophytes, 
especially Anabaena spp. s Nostoc spp., Calothrix spp.,, Oscillatoria spp. 
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and diatoms, especially Gomphonema _parvulum and 
Nitzschia Palea 
produced considerable densities on the axial organs of Lemna minor in 
gnotobiotic cultures. Densities produced in the cultures were far 
greater than those observed in nature. Attachment of vegetative cells 
of these algae to axial organ surfaces was often observed within a 
f ew seconds of tnocuiating the algal suspension into the Lemna culture. 
The irregular surfaces of the axial organs provided crevices into 
which the algal cells quickly became lodged. Colonisation of the 
macrophyte surfaces by vegetative cells of the algae was found to be 
dependent upon various factorss including the rate of growth of the 
fronds and the state of nitrogen deficiency of the fronds. In both 
natural and artificial ecosystens it was found that dead or senescent 
L fronds supported grea I ter standing crops of epiphyton than rapidly 
growing fronds. Actively growing regions of Lemna minor, especially 
the rieristematically enlarging axial organ caps and daughter fronds 
were rarely colonised by epiphyton. Leben (1971) similarly found that 
the growing points O. L terrestial plantsý especially the buds, are 
usually devo-; I-d of epiphytic bacteria and 
fungi, whilst the older regions 
of terrestial plants are often densely covered in epiphytic m. icro- 
organisms. Leben suggested that the term 'gemmisphere? should be 
applied to the growing regions of plants to distinguish them as a C) 
microbial habitat from the more mature phyllosphere. This 
distinction 
seems valid in view of the general finding that the growing points of 
both aquatic and terrestial plants are usually not 
densely colonised 
by sessile micro-organisms. The reasons for the absence of or 
diminished 
growth of5epiphyton in the gemmisphere of aquatic macrophytes 
is 
difficult to assess. Growing points may be relatively uncolonised 
because their topographies, exudates, as)similatory activities, or rates 
of expansion provide conditions which are unsuitable 
for epiphytic 
algal attachment and development. Scanning electron microscopy 
(SEIA) 
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enables direct examination of the topographies of plant surfaces 
(Royle, 1976) and could be usefully employed to examine the surfaces of 
Lemna minor in relation to epiphyton distribution. Unfortunately, 
attempts to provide SEM photomicrographs for the purpose of this 
thesis failed due, to technical difficulties. 
In natural and artificial ecosystems, it was found that low 
concentrations of nitrate-nitrogen in the growth medium resulted in an 
increase in the foliar and axial organ areas of Lemna minor. Nitrogen 
deficient fronds were colonised by very small densities of epiphyton 
compared to non-deficient fronds. It was assumed that the soft, 
fragile and mucilaginous surfaces of the nitrogen deficient fronds 
were not suitable for epiphytic algal attachment and development. 
Grazing and erosion 
Ramoval of epiphyton by grazing and erosion may contribute to 
significant reductions in algal standing crop in natural freshwater 
ecosystems, Epiphytic algae are known to act as a rich and dense 
source of food for a wide variety of aquatic animals, including insect 
larvae (McGaha, 1952; Brook, 1955; 1975; Smirnov, 1958; 1961; Claflin, 
1968; Mason and Bryant, I975a; Moore, I977c), protozoa (Brook, 1952),, 
gastropods (Smirnov, 1958), crustaceans (Moore, J975) and herbivorous 
fish (Jones, 1951; Bowker and Denny, 1976a; I976b; Denny$ Bowker and 
Baileyp 1978). In trout lakes and streams, epiphyton is a main dietary 
constituent of the ephemeropteran, trichopteran and chironomid -larvae 
uPon which the trout prey (Macer-Wrights 1973). Epiphyton can therefore 
be considered to be an. ecologically important community in freshwater 
ecosystems by contributing much to the food-webs. Brook (1975) stated 
that "in considering the factors which may influence the occurence 
and periodicity of freshwater algae, emphasis is usually laid upon the 
physical and chemical environment and its variability. The possible 
effects of grazing by aquatic fauna does not seem to have been eiven the 
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attention it deserves". In studying the seasonal periodicity of 
epiphyton on Lemna minor and the distribution of epiphyton on emergent 
macrophytes during this investigationg the 'possible effects of the 
aquatic faunal were indeed ignored. Few macroscopic invertebrates 
were noted amongst. the Lemna minor mat with the exception of Asellus sp., 
which is an algal feeder (Moore, 1975). In Windermere, gastropods were 
the most conspicuous herbivores amongst emergent vegetation. The neglect 
of grazing would therefore seem an important factor in the inter- 
pretation of data on the relative abundance and distribution of epiphyton 
in natural ecosystems. Erosion by wave action can reduce condsiderable 
standing crops of periphyton from submerged surfaces (Castenholtz, 1960) 
and may have been a factor which affected the distribution of epiphytOn. 
on emergent macrophytes in Windermere, In the relatively still and 
sometimes stagnant pond employed f or study of epiphyton on Lemna minor 
erosion by wave action was not considered to be a significant factor, 
The effects of removal of algal standing crop by erosion and 
grazing may not be as considerable as has been suggested. Knudsen (1957) 
considered that grazing and erosion were probably not significant in 
reducing the population densities of the epiphytic diatom Tabellaria 
I 
in the epiphyton on emergent macrophytes during spring because the loss 
of cells could very quickly be made up for by exponential increase of 
the remaining population, Grazing and standing crop of Tabellaria 
were considered to be in equilibrium, Howeverl this hypothesis would 
require further research to substantiate its validity, 
Another factor concerning grazing is that discussed by Hutchinson 
(1975). It was pointed out that many herbivorous animals in freshwater 
consume the epiphyton on macrophytic surfaces, but very few actually 
consume the macrophytes themselves, It was considered that the 
epiphyton may be of ecological advantage to macrophytes by causing a 
protective screen which prevented herbivores from macerating the 
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macrophytic shoots, since their attention is directed towards the algae. 
The nutritional interactions between aquatic macrophytes and epiphytic algae 
may therefore not be fortuitous, but may be of evolutionary and adaptive 
significance. This is yet another speculation concerning the interactions 
between algae and macrophytes which is easy to suggest but difficult to 
prove . 
I 
CHEMICAL FACTORS 
Inorganic nutrients: nitrogen, phosphorus, d silicon. 
Nitrogen and phosphorus are essential plant nutrients. Relatively 
high concentrations of orthophosphateg ammonium-nitrogen, and nitrate- 
nitrogen occurred in Westfield ponds. The high phosphorus and nitrogen 
concentrations were probably correlated with the large amounts of organic 
matter of aquatic and terrestrial origin within the pond water. Combined 
phosphorus and nitrogen in -. - organic form would undergo microbial degrad- 
ation to release inorganic phosphoruc and nitrogen. Reduction of nitrate- 
n-L, trogen to amonium-nitrogen during the deoxygenated phase in surmer 
would occur. Consequently the nitrogen and phosp', Ilora. s content of the 
pond water showed a cycle of depletion during the phase of rapid macrophytic 
and algal growth in spring and early simmer . and renewal during macrophytic 
senescence and plant decay during late siammert aubimn, and winter. The 
intimate relationship between the accumulation and decline of plant materialv 
and the fall and rise in nitrogen and phosphorus was very markedg and was 
probably a reflection of the enclosed nature of the ponds,. -, 
There is impressive evidence that nitrogen and phosphorus can 
play a major role in controlling the growth and seasonal cycles of plants 
in freshwater ecosystemst and eutrophication is a process which results 
from 
additions to the naturally occurring supplies, 
(Wetzel 1975). However, due to 
the complexity of interactions in freshwater, it is very difficult 
to determine 
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when concentrations of these nutrients' are limiting to plant growth. 
During summer the concentrations of nitrogen and phosphorus declined 
to minimum values in Westfield ponds. It is possible that nitrogen 
and phosphorus may have been present in sub-optimal . amounts for the 
growth of some algal taxas because inoculation of plant material into 
enrichment media in the laboratory resulted in the production of 
standing crops of epiphyton which exceeded those found in nature, 
However, it is rare that nitrogen and phosphorus completely limit algal 
growth in temperate eutrophic waters (Lund, 1965). Nitrogen and 
phosphorus concentrations in Westfield ponds declined due to consumption 
by rapidly growing fronds in early summer, but it is unlikely that 
concentrations remaining in late summer were totally limiting to 
growth of algae. 
During early spring, when nitrogen and phosphorus were abundant, 
stanCing crops of ep. -JI-phyton, were high. During early summer, when 
nitrogen and phosphorus concentrations were low, the epiphyton density 
was also reduced. Similarly, in artificial ecosystems in the laboratory 
the standing crops of epiphyton produced on Lemna minor fronds were 
positively correlated with the nitrogen and phosphorus concentrations 
in the medium. This phenomenon has been reported elsewhere (Fitzgerald 
1969), and it is a general condition that macrophytes remain relatively 
free of epiphyton in conditions of low nitrate-nitrogen. In this 
thesis, it was reported that the photosynthesis of Lemna minor when 
subjected to a lack of nitrate-nitrogen in the mediump was not sub- 
stantially reduced. However, photosynthesis of algal populations 
were severely reduced under nitrate-nitrogen deficient conditions. 
It is possible that macrophytes possess a lower threshold level for 
nitrogen than do algae, thus explaining the relative success of macro- 
phytes and the paucity of algae when nitrate-nitrogen concentrations 
are low (Fitzgerald$ J969), 
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Nitrogen fixation by epiphyti. - blue-green algae was neglected in 
this thesis. Heterocystous blue-green algae with nitrogen-fixing 
potential, e. g. Anabaena spp., Nostoc spp. and Calothrix spp. were found 
in the epiphyton on Lemna minor in Westfield ponds, and grew in 
abundance on the axial organs of fronds in artificial ecosytems. The 
transfer of biologically fixed nitrogen from cyanophytes to higher 
plants is an important ecological cycle. Nitrogen fixed in a dune 
system by Nostoc spp. was shown to be transferred 
to 
angiosperms and 
Extracellular nitrogen released from Calothrix mosses (Stewart, J967). 
sp. may be utilised by marine macrophytes (Jones and Stewart, 1969). 
There is evidence for the transfer of nitrogen from cyanophytes to 
rice plants in paddy fields (Stewart, 1969), Nitrogen fixation has 
been shmvr. to occur in epiphytic cyanopl-, ytes on sea-grasses (Goering 
and Parker, 1972). It seems reasonable to assume that nitrogen fixed 
by epiphytic cyanophytes on freshviator macrophyte shoots may be trans- 
ferred to the macrophytes. Since this work has shown that epiphytic 
cyanophytes will grow readily on the surfaces of Lemna minor in lab- V 
oratory culturess, it would SeeAMIL appropriate to suggest that such 
cultures could be profitably employed to determine the transfer of 
biologically fixed nitrogen from algae to macrophytes. 
Diatoms form a major part of the epiphyton in many freshwa'k-ler 
ecosystems (ITutchinsont 1975) and in this thesis it was shown that 
diatoms were abundant during spring on Lemna minor in Westfield ponds 
and on emergent macrophytes in Windermere. DiatomS have an absolute 
requirement for silicon if cell division is to take place 
(Lewin, 1962) 
and the development of large populations of planktonic 
diatoms is 
almost invariably accompanied by a decrease in the amount of silicon 
dissolved in the water (Lund, 1965). This depletion is not always noted 
after growth of epiphytic diatoms (Jorgensen, 
1957; Moore$ I977a) 
possibly because of the release of silicon from 
the substratum, or 
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because macrophytic, exudates may enhance uptake Of silicon by diatoms. 
The decline in the numbers of epiphytic diatoms on Lemna minor during 
May and June was correlated with a decrease in the silicate-silicon 
concentrations to below 0.5 mg dm -3. a concentration which can limit 
the growth of some diatoms (Round, 1973). It is however, difficult to 
relate the decline of the epiphytic diatom population on Lemna minor 
with a limiting silicon supply because so many other factors were 
operating to reduce diatorn densities (e. g. increases in temperatures 
and light intensity and changes in the topography and growth rate of 
Lemna minor). 
Tt was interesting to find that the diatoms Achnanthes hungarica, 
A. lanceolatal A. minutissimal Cocconeis placentulal 1ý2jthemia turgiýaj 
Nitzschia- palea and Gomphonema acuminatum grew in enrichment cultures 
in the laboratory in medium 2 (modified from Allen and Arnon, 1955) in 
which the concentration of sodium silicate was only 0.1 mg dm-3. 
Unless an additional supply of silicon had been introduced into the 
cultures e. g. from the detrital material mixed with the fronds, it 
would appear that the grovith of these diatoms was not limited by 
silicon concentrations lower than those f ound in the pond during May 
and June, Howeverg there are inherent dangers in assuming that nultrient 
demands of algae in culture are the same as those in natures and there- 
fore this observation may not be significant, 
PR; CO 2 and 
HC03- 
Many algae and macrophytes can flourish over the ranges of pH 
values common in natural conditions, i. e. values 
from 5.5 - 9.01 
although some may be limited to narrowly 
defined acidic or alkaline 
ranges (Vietzell 1975), In cultures, Lemna minor showed reasonable 
growth between pH values of 5 and 8, and multiplication rates were 
reduced or inhibited at extreme pH values. 
In gnotobiotic cultures of 
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algae and Lemna, the multiplication rates of the fronds were reduced, 
probably as a result of the assimilatory activities of the algal cells 
causing the PH of the medium to rise above that which was optimum for 
the growth of the fronds. A population of Calothrix brevissima 
increased the PH of the medium from 6,8 to 10.05 in ten days, and 
cessaticn of exponential multiplication of Lemna fronds in the gnoto. 
biotic culture occurred at PH 7.9, but the algae continued to grow 
above this pH value, 
inhibition of photosynthesis of Lemna r,., inor at alkaline pH values 
was considered to be partly responsible for the interaction. Uptake 
of carbon-14 by Lemna minor from the medium and from the atmosphere 
occurred at greater rates over the pH range 4-7 than over the range 
7- 10. Rates of uptake of carbon-14 from the medium by Calothrix 
brevissima were relatively independent of pH over the range 6-9. with 
only slight inhibition at extreme alkaline values. Rate of up', ake of 
carbon-14 labelled carbon dioxide from the atmosphere was considerably 
greater than the rate of uptake of carbon-14 labelled bicarbonate 
ions from the medium in Lemna minor. This probably occurred because 
the resistance to diffusion of carbon dioxide in air is less than the 
resistance to diffusion of bicarbonate and carbon dioxide in water, 
The use of this data in explaining the seasonal periodicity of 
I 
epiphyton on Lemna minor in Westfield pondss where the pH range was 
only 6,6 - 7.3 is questionable, but it does emphasise that in the 
artificial ecosystem produced in cultures interactions which may not 
be prevalent in nature can be generated. 
Exchanges of carbon dioxide between Lenna minor and epiphytic 
algae in this thesis were considered. Lemna minor excreted into the 
medium between 0,. 9% and 9.70/0 of the carbon-14 initially photo-assimilated 
as carbon dioxide under the conditions employed. Re-fixation of 
respired carbon dioxide in - the light, and excretion into the atmos- 
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phere prevented total amounts of reýpired carbon dioxide being measured. 
Carbon dioxide released in the light and dark was assimilated by 
epiphytic and planktonic algae in axenic culture. Thus, the detection 
of a loose symbiotic interaction between Lemna minor and epiphytic 
algae was established, as found in the relationship between Najas 
flexcilis and algae by Allen (1971) and Wetzel and Allen (1972). 
xygen 
The relationship between the seasonal periodicity of epiphyton 
and dissolved oxygen concentrations in the growth medium have not been 
studied previously. This thesis showed that the depletion of dissolved 
oxygen beneath a floating mat of Lemna minor was partly responsible 
f or the de-velopment of a characteristic cyanophyte dominated epiphyton 
during summer in the pond investigated. The tolerance of Oscillatoria 
spp. t. - loi,, T oxygen concentrations in stagnant ponds has been demonstrated 
previously, but not in relation to the effects of macrophytic growth. 
Dissolved organic substances 
In the epiphytic environment on macrophyte surfaces various 
dissolved organic substances are found, including natural humic and non. 
humic compounds (Shapiro, 1977) and extracellular products of algal 
and macrophytic origin (Wetzel* J975). Uptake of carbon-14 labelled 
extracellular substances of Lemna minor by epiphytic algae and bacteria 
was demonstrated in Ithis thesis. Under the conditions employed, Lemna 
minor excreted between 0.50/o and 3.601o of the carbon-14 photoassimilated 
in the form of acid stable organic substances. Characterisation of 
I 
these substances by chromatography and -cuACW%3d; ography would 
be a 
useful follOVI-uP to this work, Bacterial uptake of these substances 
was greater than uptake by axenic algal populations and it appears that 
epiphytic bacteria are very efficient competitors for macrophytic 
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extracellular organic substances, Bacteria are probably important in 
degrading the products to substances which are more readily assimilable 
by algae (Allen, I97j), 
An aspect of the importance of macrophytic exudates which was not 
considered in this thesis was that of their chelating action. Fogg 
(1965) and Allen (1971) suggested that an important property of the 
extracellular products of aquatic plants may be to modify the ionic 
environment so that trace elements such as iron were more readily 
assimilable by O. lgae. This emphasises that the chemical environment 
external to lysing and assimilating cells of macrophytes is different 
to the chemical environment external to the surfaces of non-living 
objects ;v and that the nutrition of epiphyton must be considered 
distinct from the nutrition of other periphytic communitites on non- 
living surfaces. 
Various investigators have considered that aquatic macrophytes 
could excrete organic substances which are toxic to algae, In this 
thesis it was shown that growth of algae on agar was inhibited in the 
regions immediately surrounding the growing f oliar organs of Lemna minor, 
This may be circumstantial evidence for the release of an algicidal or 
algistatic substance by Lemna minor or the zone may have been produced 
by localised competition for light and inorganic nutrients, The sizes 
of the inhibition zones were not reproduciblev and culture filtrates 
and extracts from axenic Lemna populations did not show the inhibitory 
ef f ect. Therefore no definite conclusions on the toxic effect of 
substances excreted by Lemna minor can be generated. 
INTERSPECIFIC INTERACTIONS 
Interaction between dissimilar organisms are usually classified 
according to the effects one organism has upon another (Brock, 1965; 
Mark, 1966). Odum (1953) classified these effects as follows: 
ý 195 - 
neutralism, in which both organisms increase with no mutual interaction; 
symbiosis, in which both organisms increase as a functional unit with 
mutual beneficial interactions; commensalism, in which both organisms 
increase, but one organism gains advantage from another; - parasite. ý-, * 
host or predator-prey interactions, in which one organism increases to k 
the detriment of another; antagonism or interference in which one 
organism inhibits the growth of another organism by the creation of 
unfavourable environmental conditions, and competitive inhibitions in 
which both organisms compete for some essential resource which is in 
limited supply, and inhibition of one organism by another is caused by 
diversion of available resources from one organism to the- other. 
According to Odum (1953) the most ecologically evolved communities are 
the most complex associations which are the least antagonistic to eac'. -. 
other. Less evolved and simple associations are the most antagonistic. 
Ecologically evolved and complex associations should exhibit tight 
coupling in which the integrated properties of homeostasis; defence and 
evolution should be apparent. Homeostasis is the ability of the assoc- 
iation to maintain itself in the face of various external influences. 
Defence is the response to more violent external influences, and repair 
results in the maintenance of homeostasis. Evolution is the change in 
homeostasis over a period of time. In complex communities of organisms 
it is an emp; rical fact that the phenomenon of unitisation occurs, that 
is some components with similar environmental requirements get organised 
4 in such a way as to react as a functional and quantitative unit w. -th 
respect to the rest of the ecosystem. Unitisation makes possible the 
maintenance of homeostasis within a considerable range of environmental 
conditions. 
It would be interesting to establish where interactions between 
epiphytic algae and macrophytes fit into these generalised models. It 
seems unlikely that an alga and a macrophyte living in close proximity 
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in the same environment could not interact in some way. Both possess 
similar autotrophic nutritional requirements, both live in intimate 
physical contact, and both excrete extracellular substances into the 
surrounding mediums substances which could be exchanged between the two, 
It therefore seems unlikely that neutralism occurs in macrophyte- 
epiphyte communities. Algae and macrophytes can successfully live 
apart, (although more work is required to establish how many algae are 
obligate epiphytes). In the case of a facultative epiphyte, living 
apart from a macrophyte, the essential conditions of symbiosis, that of 
a mutually interacting functional unit, are not satisfied. Commensalism 
is consicbred to be a uni-directional interaction, and therefore this 
excludes macrophyte-epiphyte systems in which both parties interact. 
A parasite obtains its total nutritional requirement from its, host; 
epiphytic algae only receive a fortuitious nutritional supply from 
macrophytes, the remainder being derived f rom the aqueous medium. 
Epiphytic algae can therefore not be considered as parasites. Antag- 
onism and interference have been shown to be of importance in macrophyte- 
epiphyte communities. Interference resulting in inhibition of growth 
of a macrophyte was found to be most severe in simple gnotobiotic 
cultures in the laboratory. This substantiates Odum's hypothesis that 
the least complex and the least evolutionary evolved systems are the 
most antagonistic to each other. 
Such a dramatic antagonistic interaction was not apparent in the 
natural ecosystem because of the complexities of the environment. The 
production of conditions by an algal population which were unfavourable 
to the macrophyte population was a feature of artificial gnotobiotic 
associations rather than natural communities. In nature, the macrophytes 
produced conditions which were unfavourable for the production of some 
epiphytic algaes e. g. by mechanical screening of light, or by depletion 
of dissolved substances from the growth medium. Allelopathy is a 
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feature of antagonism or interference between some organisms, but 
allelopathy could not be satisfactorily demonstrated between Lemna minor 
and algae in this thesis. However, Competitive inhibition was consid- 
ered to be an important interaction, in which macrophytes and algae 
are considered to 'compete for limiting carbon, light and inorganic 
nutrient sources. 
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CHAPTER 3.2 GENERAL CONCLUSIONS 
The epiphyton can be considered to be a very complex and taxon- 
omically diverse community. Homeostasis of epityton can be maintained 
in nature by changes in the taxonomic composition so that only those 
taxa which are favoured by the prevailing conditions will grow at 
particular times of year or in particular niches within the phyllo- 
sphere of the macrophyte. Defence of the epiphyton community against 
a wide range of lightq nutrient and physic 0 -chemical conditions is 
brought about by a great diversity of algal taxag each of which is 
tolerant of a certain range of environmental conditions. Evolution of 
the community is reflected by the Beasonal-p6riqdicity of the epiphy- 
tic algae.. The gemmisphere of macrophytes remains unsuitable for 
epiphytic algal attachment throughout the seasons, the -submergent 
phyllosphere is invariably colonised by epiphyton. Unitisation occurs 
within the community because chlorophytesq N-. yanophytes and diatoms 
were shown to act as a quantitative unit with, respect to the rest of 
the ecosystem. 
Interactions between epiphytic algae and aquatic macrophytes can 
be classified as interference, antagonism, competitive inhibition, and 
a form of loose symbiosis characterised by exchanges of extracellular 
products. A community consisting of a macrophyte and its supported 
epiphytic microbial assemblages is a close and integrated system of 
interacting organisms striving to retain an ecological equilibriumo 
within a very wide and variable range of environmental conditions. 
This thesis has only scratched the surface of a very complicated and 
previously neglected problem, in which very little can be predicted 
for certain. This thesis hass however, brought to light some of the 
more important factors which should be considered when studying the 
ecology of epiphyton in natural and artificial freshwater ecosystems. 
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These factors are summarised as follows: - 
The influence of light and temperature on the growth of epiphyton 
and aquatic macrophytes is important. Special attention must be paid 
to the light shading effects of the epi-phyton on the macrophytes and 
the shading effects of macrophyte shoots on the epiphyton. The 
specific light and temperature requirements for growth and phot -o- 
synthesis of different epiphytic algae should be investigated in order 
to establish the importance of these parameters in controlling the 
seasonal periodicity of the algae. 
The age and topography of macrophytic surfaces are important 
factors to which the distribution, species composition and relative 
abundance o-f epiphyton can be related. In situ examination of epiphytic 
algae is necessary in order to investigate the niche specifities of 
the algae in the phyllosphere. The growing points, termed the 'Gemmi- 
sphere', support a paucity of epiphyt%. On compared to the more mature 
regions of a macrophyte. The reasons for lack of or diminished growth 
of epiphyton in the gemmisphere are obscure and require further invest- 
igation. 
Uncontrolled losses of epiphyton may occur in natural communities 
due to grazing, erosion, and losses during sampling, Further work is 
required to estimate the magnitude of these losses, 
During macrophytic growth, essential plant nutrients are assimil- 
ated from the growth medium, The rate of uptake of these nutrients and 
the concentrations remaining after cessation of macrophytic production 0 
may effect the relative abundance and species composition of the 
epiphyton .. In studying a floating macrophyteg such as Lemna minor, 
depletion of oxygen from surface waters is an important phenomenon 
which Jufluences the seasonal periodicity of epiphyton. Depletion of 
nitrate-nitrogen can induce a reduction in the production of epiphyton 
on macrophytic surfaces by causLng structural changes in the macrophytic 
topography which provides surfaces whi*ch are unsuitable for epiphytic 
algal attachment, and by causing severe competition between -- 
the epiphyton and the macrophyte. 
The utilisation of carbon by macrophytes and epiphytic algae 
reauires further investigation. In studying Lemna mtnor it was found 
that the macrophyte olhLained a considerable proport4 ,. on of its carbon 
dioxide from the atmosphere, whilst epiphytic algae were able to 
utilise bicarbonate ions from the growth medium. Growth and photo- 
synthesis of epiphyton were favoured at alkaline pH values which were 
inhibitory to the growth and photosynthesis of Lemna minor. Respiratory 
loss of carbon dioxide from macrophyte surfaces provides the epiphyton 
with an additional and fortuitious source of carbon. Loss of organic 
carbon by macrophytes provides the epiphyton community with a source 
of organic substrates. Epiphytic bacteria compete with algae for 
utilization off these substrates. The extracellular products may be 
important for the production of epiphyton by providing chelating agents, 
thus enhancing algal uptake of inorganic nutrients. Release of algi- 
cidal and algistatic substances by aquatic macrophytes may occur , but 
requires more detailed investigation, 
Interactions between epiphytic algae and aquatic macrophytes 
in freshwater ecosystems were characterised in terms of two distinct 
categories: - (a) antagonism in which interference and competitive 
inhibition were characteristic features and (b) beneficial interactions 
in which macrophytes provided a wide variety of surfaces for structural 
support of algae, and a supply of assimilable extracellular products. 
-o be most severe in simple gnotobiotic associations Antagonism was shown -1. 
established in the laboratory. In nature the complexity of the 
environment was such that homeostasis was maintained. 
The term epiphyton was considered to be a valid ecological 
segregation of a discrete and important algal community, The epiphyton 
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was shown to exist in a complex habitat which possesses entirely 
different physico-chemical properties to those of inorganic surfaces 
such as glass and rock substrata. The complexity of the epiphytic 
habitat is such that many questions remained to be answered on the 
factors which control the distributionp relative abundances taxonomic 
composition, photosynthesis and nutrition of epiphytic algae. This 
thesis has attempted to emphasise the importance of interspecific 
interactions in addition to the effects of the more widely acknowledged 
environmental parameters and the broad spectrum of the investigation 
reflected the comp: bxity of the problem. It is hoped that future work 
on the ecology of epiphyton might expand upon the conclusicns generated 
from this thesis to provide a more comprehensive understanding of the 
activities of this neglected community. 
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APPFN. DIX 1 
40 
Systematic list of alG-, i-. foupd in Windermere with texts., employed for 
id-3-ntification of each taxon and morphological descriptions of taxa 
which. could not be fitted to type desýriptions in the texts. 
rhiFlum CYANOPHYTA 
1. Ch, -n-K. -Cliesi-phon coafervicolor A. Braun 
Geitler (1925) P 149 f 183 
2. Chamanes-i-phon- cylindricus Boye-Patersen 
i-% 
veitler (1925) P 152 f 188 
Coelos-rhý-_eHum; Imetzingianum Nageli 
Ge-&*. tler (1925) p 102 f 116 
LypLz)y, -% purpurascens 
(Kutz) Gomont 
r- 
Godward (1937) 
Oscillatoriaspiendidia Greville 
Geitler (1925) P 370 f 449 
Phorn-lidium autimmale (A. garih) Gomont 
Ge-itler (1925) P 388 f 494 
Phormidium foveolarmn omont 
Geit'ler (1925) p 377 f 469 
8. Scl-dzo'Uhrix funalis West 
Gei tler (11925) -p 431 
Phylum CHLOROPHYTA 
Bqlboc'iip. c-+e intermedia Due -barry 
Heering (194" p23.3 f 358 . ä- / 
Chaeto-phora piscifOru, is (Roth) Agardh 
prescott (1962) p 119 P1 13 
ý2 20 . 
Cli, -icto. peltis orbicularis Berthold 
Heering (1914) p 140 f 195-7 
Coleochaete sojuta Pringsheim 
Heering (1914) P 134 f 193 
Closterium sp. Indet. 
Elongate crescent shaped cell with gibbous central region. 
Hyaýine cytoplasrde regions situated in attenuated poles 
with rounded apices. Cell 50 Pm lo. -Z. 12 um wide. 
Cosmaxium sp. indet. 
Ovoid flattened semi-cells 16 um in diameter. Plate-like 
granular gTeen chloroplasts. Cell wall slightly corrugated. 
Dra--parnaldia plumosa (. iaucher) 4-axdh 
Heering (1914) P 89 f 131 
Geni nella interrupta Turpin 
TT- 
Heering (1914) P41 f 45 
Hyalotlieca mucosa Kutzing 
Ralfs k1848) P52 t1 
I 
10. Hormidium subtije(Kutzing) Heering 
Heering (1914) P47 f 54 
Mouaeotia parvula Hassall 
Czurda (1932) p 65 f 37 
12. Oedoponium, sp. indet. 
- Cells cylindricalt 50-60 pm long, 12-15 um wide, in uniseriate 
filaments. To s4triations appaxent on cap cells. Oogr-onia solitary, 
-er. Chloroplasts green, scalpxilform, 30-40 um in diamal 
13- Pediastram boryanum (Turpin) Flleneghiný 
Leirnermannt Brunn'Lohaller, & Pascher (1915) ploo f 61 
14, Lc3cenedesmus- 2uadricauda 
(I. Purpin) Brebisson 
Heoring (1914) Pl(5 
15, Stigeocloneir. ", an, oem; Lm Kutzing 
ITeering (1914) P 83 f 115 
16. Totras-pora lubrica Agardh 
Lenmierm, rum? Bnjimthaller, & Pascher (1915) P40 f 16 
ft 
17, Ulothrix zonata KiAzing 
Hecring (1914) P35 f 36 
18. Ulvella frequens Butcher 
Butcher (1932) 
Phylum BACILLARIOPHYTA 
1. Achnanthes i-icrocephala- Kutzins 
U. - 
Ilustedt (1932) P198 f 273 
Asterionella formosa Hassall 
Husteilt (1932) P 147 f 156 
ceratoneis arcus Kutzing 
Hustedt (1932) P 134 f 122 
Cyclotella meneghiniana Kutzing 
Hustedt (1932) p 100 f 67 
C)rrbella 1, -mceolat, -. (Ehrenburgh) van Heu=k 
Hustedt (1932) P 364 f 679 
Cymbella_ raicroce-phala Grunow 
Hiastedt (1932) P351 f 637 
Lhnotia veneris (Kutzing) 0. Müller 
Flustedt (1932) p 182 p 245 
8. Amotia lunaris (Direnburg) Granow 
Hustedt (1932) p 183 f 2450 
9. Fragilaria crolelignsis Kitton 
Hustedt (1932) p 137 f 245 
10. Frustula rhomboides (Direnbure) de Toni 
Hustedt (1932) p 220 f 324 
11. inatum vax. 2oronata (Ehrenb=g) W, Smith 
Hustedt (1932) p 370 f 684 
12. trictum Ehrý, nburg 
liustedt (1932) P 377 f 714 
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13, Complion ma olivlceum(Ly-nabye)Yutzing 
lifustedt (1932) P 378 f 719, 
14. Gomi)hon.. -ma olivaceum vax. ca-Icarea Cleve 
Hustedt (1932) P 379 f 721 
15- Melosira italica ssp. antarctica 0. Müller 
Hustedt (1932) p 92 f 52 
14. Navicula radfosa Kutzing 
Hustedt (1932) p 299 f 513 
- Mcccephala 
Kutzing 15. Navicula rh., 
Hustedt (1q'2 
.,; ) 
)p 296 f 501 
16. Pinnularia aacrosphaeria Brebisson 
Hustedt (1932) P 330 f 610 
17- Sta-uroneis p. 1noenicentron Mirenburg 
Hustedt (1932) p 255 f 404 
18. Synedra_Rjna(-Nltzs--h) M=enburg 
Hustedt (1932) P 151 f 158 
19. Tabellaria fenestrata(Lyngbye)Kutzing 
Hustedt (1932) p 122 f 99 
20, Tabellaria flocculosa (Roth) Kutlzing 
Hustedt (1932) p 123 f 101 
Phylum RHODOPHYTA 
1. Batrachospe=, an monoliforme Roth 
Prescott (1970") p 165 f 262 
Let: end 
p= page number 
pl = plate number 
f= figure-number 
0 
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TTIDIX 2 
Systematic list of epiphytic -algae foimd in Westfield ponds with 
texts-emplQyed fQr tine. identification. of each taxonor morphological. 
descriptions of taxa which could not be fitted to type descriptions in 
the texts. 
Yhylum CYAITOPHYTA 
1. Ana: caena incaeiualis Kutzing 
Prescott (1962) p 516' pl 116 f 9-10 
2. Calothri2ý Lhuret- 
__jarietina 
T 
Desikacha=j (1059) P 538 Pl 108 -P 6-8 
2erelp-! -zens Lernerman 
Desikachary (1959) P 309 Pl 48 f9 
Mer5s, nopedia SpAndeto 
16 pale Lc, "-ee-n spherical cells enclosed with-in rectangular mucilage 
envelope of dim. ensicns 6p x 6)am. Cells 1-1. "- jun in diameterp . -I 
axran,, ýcd in r,. coups of four. 
ctoerudeium Ly. -Ligbye - 
1. u 
Geitler (1932) P 857 
Nostoc punctiforme Mitzing) Haýziot 
Desika, c. hary (1959) P374 pi 69 f2 
Nlos toc verruposimn Vaucher 
Dosikaciaý--ry (1959ý p 375 pi 69 f2 
8-, Oscillatoria sp. indet. .1 
Spiral or contorted b: -usally attached 
filp-nents 0.8-1.0 im in 
diameter,, not cciistricted at cross walls. Cells pale greer,,. quadratef 
94 , 
taperinzg, tow, -. irds up to 1 um in length. Filaments upto 100 jim long 
0 apices, apex with calyptra. 
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0-n-cillatoria sp. indet. 2 
Slightly curved or straight basally attached pale green filaments 
1.5-2 um in diamet(, r. Cells 
ýranulatet 
rectangularl 1-ipm in length 
Filaments up to 300 jum 
in leneth, not tapering towards apex, apical cell 
rounded, 
10. Oscillatori? ý-qplendida Greville 
Desikacha. ry-(1959) p 234 Pl 37 f 38-40 
11. Phormidium sp, indet. 1 
Single straight pale brown filament not tapering towards apices. 
Cells very much wider than long: 3-4 )1m wide, 0.4 - 0.8 ý= long* 
Firm thin sheath * 0.2-0.5 ym wide protruding beyond end cells. 
I" richome not constricted at cross walls. End cells rounded or %P 
truncate. No ceLyptra. 
12. ' Phormidium sp. indet 2 
Similar to Phormidium sp. indet 1 except f or pale green colou: r 
and width of cells 4-5)am, 
13. Phormidiwn sp. indet. 3 
Sinele, basally attached filament, straight or slightly curved, slightly 
tapering towards apex. Cells pale green,, rectangular, 3-4 F longt 
2-3 jim wide. Sheathi. thick and colourless, 0.5 Fm wide. Filaments 
distinctly constricted at cross walls, 
14. Pho--. -, Tiidium frP47ile 
(Menegrhini) '%"7'omont 
De'Sikachary (1959) p 253 P1 44 f 1-3 
15. Phormidilim tenue (Meneghini) Gomont 
Des-ikachary (1959) P 265 P1 44 f 7-9 
16. Pseudanabaena catenata Lauterb 
Desikacha: ry (1959) p 419 
17*' Schizothrix sp. indet. 
Entangled twisted or spiralled trichomes within 
firm thin almost 
invisible sheath. Qells pale olive 
to bright greeng about 1ý= 
wide, 1.5 ym long. Fil`p-nts not attenuated 
towards apicest end 
cell hemisphericalt calýrptra absOnt. 
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, 
ýhoo. 18. Syn y:. tis sp. indet. 
Sub-spherical pale olive green Unicells. Divisions of cells at 
right angles to long axis. No distino, -ishable mucilaginous 
envelope. Cells single or in- two'-q- 5-6, pm in diameter. 
Phylum CHLOROPHYTA 
1. ., Pnki strode s-, ms falcatus (Corda) Ralfs 
Lemmermanng Bruxmthaller, & Pascher (1915) p 188 f 283 
2. A-r)ha. -iochaete renens A. Braun 
Hecring (1914) p 128 f 179-182 
Chaetosphaeridiium globosum. (Nordstedt) Klehbahn 
Heering (. 1914) p 144 f 198 
Chlý., myrlomonas sp. indet* 
Ovoid fla., crellate pale green unicell with cup shaped chloroplastp 
um in diameter. 
Chlorococcum inf-asorium (Schrank) Meneghini 
Le; mermann, Brurinthaller C**. Paschdr (1915) p62 f2 
ChlorochZIrium lemnae Cohn 
Smit0h (1933) p 475 
Coleochaeta scutata Brebisson 
Heering p 135 f 194 
8. L'ndoclonium poill. orpýr-, 2m Franko 
(1914) p 87 f 126 
P. Gongrosira sp. 
Pseudoparenw-hymatous prostrate branches giving -rise to short erect filamentS 
terminating in enlarged end cells, Cells cylindrical clavif orm with thick 
walls, Cells 5- 15 ?m in diameter. Chloroplasts green diffuse, parietal 
with no d1stinct pyrenoids, 
*a 227 - 
jo. Hormidium sp. indet. 
Unbrancheý uniseriate filaments. Cells with parietal, pale green 
chloroplasts which do not encircle more than half the cell. Cells 
5, um long and 2 pm wide. 
Flicrospora sty]2orum (Kutzing) Lag. erheim 
Heering (1914) P 151 f 121 
12 Microtha-mnion kutzingianum Nageli 
Heering (19. &. 4) P 118 f 170 
Mi OedoEonium sp. indet. 
Cells 4-10 ý= wide, 12-25 pm lIng. Reproductive structures not 
observed. 
14. Protoderma viride Kutzing 
Heering (1914) p 116 f 168 
F 
15. Scenedesrms bijjýZatus. ('11=pin) Kutzing 
Lemmerrnann,, Br=nthaller, & Pascher (1915) p 167 
Scenedesmus obliguus. (Ta--, -pin) Kultzing 
Lemmerria-nng Brunnthallerg & Pascher (1915) p 163 
17. Sphaerobotrys-fluvip-tile Butcher 
Iýutcher (1932) 
18. S]2irog=. a-n-itida (Dillwyn) Link 
Bor, -e & Pascher (1913) P 191 
Ig. StiCocloneum faxctum Berthold 
Heering (1914) p 84 f 123. 
20,, Ulvelia frequens Butcher 
3utcher W32) 
Volvox sp, indet. 
- Dist-upted coenobia. 
0 
I 
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Phylum BACILLARIOPHYTA 
I. Achmanthes hungarica Grunow 
Hustedt (1930) p 201 f 283 
29 Achnanthes lanceolata Brebisson 
Hustedt (1950) p 207 f 306a 
kchnanthes minutissima Kutzing 
Hustedt (1930) p 198 f 274 
4. Amphora ovalis Kutzing 
Hustedt (1930) p 342 f 628 
5* Cocconeis placentula Ehrenburg 
Hustedt (1930) p 189 f 282 
6. Cymbella ventricosa Kutzing 
Hustedt (1930) p 359 f 661 
7. Epithemia turgida (Ehrenburg) Kutzing 
Hustedt (1930) p 387 f 733 
12ucina Desmazieres 8* Fragilaria Cý 
Hustedt (1930) p 138 1 126 
Gomphoiiema acuminatum Ehrenburg 
Hustedt (1930) p 370 f 683 
10. Navicula cr ptocephala Kutzing 
Hustedt (J930) 'p 295 f 496 
Navicula hungarica Grunow 
Hustedt (1930) p 298 f 506 
12. Navicula pupala Kutzing 
Hustedt (1930) p 281 f 467a 
13. Nitzschia dissiPata (Kutzing) Grunow 
Hustedt ( 19-30) p 412 f 789 
14. Ilitzschia palea (Kutzing) W. Smith 
Hustedt (1930) p 416 f SOI 
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Phylum EUGLENOPHYTA 
I. Eu lena sýp. indet 
oblong'unicell, 25/. ým long, 9/AM wide. Periplastic cell wall 
densely granulated cytoplasms 
Phylum CHRYSOPHYTA 
I. Synura sp. indet, 
oval cells, Ioý*; m in diameter, radially limited into 
spherical colony 
Miscococcus sp, indet, 
Dichotomously branched system of cylindrical branched tubes. 
Cells oval, 3-5 m in diameters located at ends of branches. I; e 
j 
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APPENDIX 3 
Population densities of epiphytic algae on Lemna minor in Westfield ponds 
I 
--! 2 estimated nos. mm. 
MONTH PHYLUM ZONE 1 2 3 4 5 
M Cyanophyta Marginal 0 0 0 38 52 
384 0 37 282 0 
198 26 112 52 6 
A T70 278 2 92 8 
S 24 0 141 26 50 
0 52 162 1133 25 34 
N 235 158 2T 250 101 
D 521 25 21 36 1 
1 336 237 58 221 98 
F 221 116 129 43 42 
M 9 22 17 17 7 
A 25 14 21 14 12 
M Cyanophyta Central 0 0 0 0 0 
0 0 189 200 5 
0 0 0 0 0 
A 9 0 10 6 70 
S 0 0 2 58 0 
.0 5 20 300 24 76 
N 48 8 2 86 7 
D 2 8 8 0 1 
i 112 26 25 98 78 
F 21 8 2 5 5 
M 5 1 2 3 0 
A I 1 2 1 2 
2 
N. B. Underlined data: approximations to nearest . 50m 
; Caused by 
inability to accu rately count dense assemblages of algae. 
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MONTH PHYLUM ZONE 
-2 estimated nos, mm 
234 5 
M Cyanophyta Aerial 0 0 0 0 0 
1 0 0 0 0 0 
1 0 0- 
.0 
0 0 
A 0 0 0 0 0 
S 0 0 0 0 0 
0 0 0 40 0 0 
N 0 5 2 38 6 
D 12 15 14 5 16 
1 56 25 21 58 40 
F 6 2 2 1 4 
M 0 2 1 6 2 
A 0 0 0 0 0 
M Cyanophyta Proximal c 0 6 25 20 
1 0 0 4 58 0 
1 24 0 21 0 11 
A 1000 1800 180 420 200 
S 122 106 54 540 50 
0 0 0 201 48 52 
N 112 26 21 89 25 
D 289 221 150 552 80 
1 552 7 242 1000 100 
F 8 75 1 1 0 
M 28 27 34 27 5 
A 12 35 4 6 5 
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MONTH PHYLUM ZONE 
estimated nos. 
23 
mm-2 
4 5 
M Cyanophyta Distal 51 0 0 0 0 
62 0 16 21 20 
56 16 0 10 14 
A 2000 1800 1500 1000 650 
S 872 28 J8 120 1270 
0 301 261 120 1420 20 
N 273 558 118 154 421 
D 1302 421 522 210 312 
1 1900 254 104 21 553 
F 102 21 252 9 20 
M 121 251 121 550 60 
A 52 130 159 103 178 
M Cyanophyta Terminal 0 0 0 0 0 
0 0 0 0 0 
0 0 0 0 0 
A 0 0 0 0 0 
S 21 29 0 0 1 
0 0 0 38 9 11 
N 28 0 0 26 6 
D 125 15 26 88 7 
221 52 25 198 29 
F 124 79 25 J8 14 
M 71 25 28 105 72 
A 38 45 42 90 27 
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MONTH PHYLUM ZONE 
estimated 
23 
nos. mm ý-2 
4 5 
M Chlorophyta Marginal 0 0 0 20 31 
75 85 124 541 0 
41 12 6 3 0 
A 14 22 16 11 40 
S 40 0 52 3 0 
0 6 8 8 13 7 
N 10 2 3 34 5 
D 12 0 3 9 2 
1 21 2 2 18 0 
F 26 28 12 35 24 
M 259 298 247 221 500 
A 128 147 112 133 221 
M Chlorophyta Central 0 1 48 11 0 
10 0 7 25 0 
21 32 3 44 26 
A 21 22 8 0 49 
S 29 9 196 131 26 
0 0 0 0 0 0 
N 0 0 0 0 0 
D 0 0 0 0 0 
2 0 0 2 0 
F 22 17 21 14 31 
M 122 145 102 98 154 
A 84 29 56 97 165 
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"2 estimated nos. mm 
MONTH PHYLUM ZONE 2345 
M Chlorophyta Aerial 0 0 0 0 0 
0 0 0 0 0 
0 0 0 0 0 
A 0 0 0 0 0 
s 0 0 0 0 0 
0 0 0 0 0 0 
N 0 0 0 0 0 
D 0 0 0 0 0 
0 0 0 0 0 
F 12 21 7 5 5 
M 12 15 9 14 11 
A 10 9 3 11 7 
M Chlorophyta Proximal 0 0 35 18 7 
221 28 786 1790 345 
297 8 14 8 282 
A 0 0 38 0 0 
s 19 17 6 0 8 
0 8 5 13 4 10 
N 13 0 8 1 10 
D 12 5. 1 5 2 
1 26 0 5 18 2 
F f5 27 8 5 5 
M 75 56 49 37 25 
A 102 114 102 34 39 
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MONTH PHYLUM ZONE 1 
estimated nos. 
23 
,-2 mm 
4 5 
M Chlorophyta, Distal 0 0 30 41 0 
107 1000 218 700 60 
158 98 102 161 102 
A 0 0 61 0 0 
S 27 0 2 11 12 
0 0 12 4 16 19 
N 4 2 3 13 18 
D 12 5 2 5 7 
12 0 2 14 0 
24 7 5 11 4 
M 18 17 65 91 49 
A 121 32 10 42 50 
M Chlorophyta Terminal 0 0. 0 0 0 
0 0 0 0 0 
0 0 0 0 0 
A 0 0 0 0 0 
S 0 0 0 0 0 
0 0 0 0 0 0 
N 0 0 0 0 0 
D 0 0 0 0 0 
1 5 1 1 4 0 
F 10 2 11 2 0 
M 6 12 2 5 1 
A 2 5 3 2 8 
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MONTH PHYLUM ZONE 1 
estimated nos. 
23 
mmý2 
4 5 
M Bacillariophyta, Marginal 0 0 18 3 0 
4 0 20 0 0 
6 02 2 0 
A 0 0 52 9 0 
S 10 22 21 17 
0 1 12 2 34 
N 5 3 15 28 29 
D 26 21 7 52 6 
1 29 40 34 56 21 
F 62 56 72 50 21 
M 210 312 214 169 245 
A 214 186 118 282 400 
m Bacillariophyta Central 21 0 0 0 0 
1 24 0 0 0 0 
1 50 2 0 6 0 
A 61 0 0 0 0 
s 52 0 1 0 7 
0 40 1 2 4 16 
N 80 0 0 0 5 
D 112 45 Ig 15 56 
1 180 210 2 5 98 
F 261 102 94 109 92 
m 1150 185 210 139 147 
A 1200 373 iog 256 159 
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MONTH PHYLUM ZONE 
estimated nos. 
23 
mm-2 
4 5 
M Bacillariophyta. Aerial 0 0 0 0 0 
0 0 0 0 0 
0 0 0 0 0 
A 0 0 0 0 0 
S 0 0 0 0 0 
0 0 0 0 0 0 
N 0 0 0 0 0 
D 5 2 1 2 1 
1 25 5 3 17 10 
F 22 31 23 24 26 
M 29 72 65 58 67 
A 56 124 142 69 89 
M Bacillariophyta Proximal 0 0 0 0 0 
1 3 0 7 0 0 
1 0 0 28 2 0 
A 15 0 1 5 0 
S 8 2 0 9 13 
0 3 4 4 25 82 
N 3 5 J7 7 30 
D 114 25 7 98 7 
1 99 115 245 32 114 
F 85 110 108 124 83 
M 112 J98 115 99 346 
A 75 24 64 56 91 
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MONTH PHYLUM ZONE 1 
estima 
2 
ted nos. 
3 
mm-2 
4 5 
M Bacillariophyta D: Istal 0 0 0 0 0 
0 0 0 0 0 
0 0 0 0 0 
A 0 0 0 0 0 
S 0 0 0 0 0 
0 0 1 0 7 35 
N 1 5 24 7 8 
D 29 2 4 52 4 
1 25 2 10 28 5 
F 21 14 10 45 36 
M 156 101 210 119 176 
A 251 101 89 102 58 
M Bacillariophyta Terminal 
.0 
0 0 0 0 
0 0 0 0 0 
0 0 0 0 0 
A 0 0 0 0 0 
S 0 0 0 0 0 
0 0 0 0 0 0 
N 0 0 0 0 
0 
D 13 6 4 
8 0 
1 10 3 2 
4 2 
7 3 4 9 7 F 
18 11 13 20 3 M 
26 12 10 14 1 A 
